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ABSTRACT 
The first objective of this study was to compare quantitative trait loci (QTL) detection 
in two climatically diverse environments in a population of F6:7 lines of an elite maize (Zea 
mays L.) single-cross. The second objective was to detect QTL for general (GCA) and 
specific (SCA) combining ability effects in hybrid progeny of F2;3 and Fers lines from the 
same population. Evaluations of both inbred per se and hybrid progeny from the same 
population enabled comparisons between QTL controlling the two progeny types. 
The results from the F6:7 inbred progeny evaluations suggest that QTL detection can 
be greatly affected by environmental conditions with only 17% (grain yield traits) and 35% 
(morphological traits) of the QTL detected among the stress and nonstress environments 
being detected in both environments. The mean environment was effective in detecting 
68% (morphological traits) and 54% (grain yield traits) of the QTL detected in either of the 
individual environments. A comparison with the mean environment (same location, different 
years) results for the F2;3 generation of the same population revealed that 50% of the 
morphological trait and 33% of the grain yield trait F2;3 QTL were verified in the Fs ? mean 
environment. Little evidence of cross-over QTL interaction was observed, and QTL x 
environment interactions seem to be in the form of changes in magnitude of effects. 
The hybrid progeny from the two generations (F2:3, Fg a) were evaluated at the same 
locations, but in different years as per an eariy-generation testing program. Overall, more 
QTL were detected in the Fsis than the F2;3 generation for SCA and GCA. The 
morphological traits had several (8-11) QTL with effects for all three testers, whereas only 
one GY QTL had effects for all three testers. Of 26 regions having consistent morphological 
trait QTL effects in the inbred progeny, most (20) were also associated with GCA, whereas 
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a lower proportion (five of ten) of the consistent inbred progeny grain yield QTL were also 
associated with GCA. Although the relative rankings of QTL effects across generations, 
testers, and progeny types were not always consistent, parental contributions were nearly 
always the same. 
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GENERAL INTRODUCTION 
Most traits of economic importance to maize breeders such as grain yield, plant 
height, and maturity are controlled quantitatively at many loci throughout the genome. 
Distribution of the phenotype in a population is often normal with expression being strongly 
influenced by environmental factors. With many loci involved in the inheritance, each locus 
is responsible for only a small fraction of the observed phenotypic variation. Determination 
of individual genetic effects is complicated by environmental factors influencing trait 
expression. Selection per se for quantitative traits such as is done for qualitative traits will 
give differing levels of genetic gain depending on the environment in which selection takes 
place and the trait heritability (h^). Grain yield traits tend to have the lowest h^ while 
maturity traits (anthesis and silking dates) tend to have the greatest h^. Plant structural 
traits (plant and ear heights) have intemnediate h^ (Hallauerand Miranda. 1988). To 
effectively select for these traits with low h^. extensive testing over environments must be 
conducted. If genetic factors underlying quantitative traits could be partitioned into 
Mendelian factors, the time and expense of selection could be reduced and genetic gain 
increased. This is the ultimate goal of marker-based selection programs for the 
improvement of quantitative traits. 
DNA markers have allowed researchers to investigate the underiying genetic factors 
controlling quantitative trait variation in maize. With the use of restriction fragment length 
polymorphism (RFLP) linkage maps, quantitative trait loci (QTL) have been identified and 
characterized for several traits including morphological differences distinguishing maize 
from teosinte (Doebley and Stec, 1991), tolerance to low phosphorus (Reiter et al., 1991), 
grain quality components (Goldman et al.. 1993; Goldman et al.. 1994; Alrefai et al.. 1995), 
and favorable exotic alleles for agronomic traits (Ragot et al.. 1995). Additionally, QTL have 
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been identified for host-piant response to Exserohilum turcicum (Freymari< et a!., 1993), 
Cercospora zeae-maydis (Bubeck et a!., 1993), Colletotrichum graminicola (Ces.) Wiis 
(Jung et al., 1994), and resistance to European com borer {Ostrinia nubilalis Hubner Sciion 
et a!.. 1993; Lee, 1993; Lee and Veldboom, 1993). 
Literature Review 
QTL detection methods 
The simplest QTL detection method, single-factor analysis of variance, has been 
utilized to identify QTL in several maize studies (Edwards et al., 1987; Abler et al., 1991; 
Austin and Lee. 1996a; Austin and Lee, 1996b). The procedure consists of an analysis of 
variance for each marker locus where sources of variation include the marker locus classes 
and progenies within classes. If significant differences occur between marker classes, the 
locus is considered to be linked to a QTL controlling the trait variation. The major 
advantages of this method include computational simplicity and adaptability to several 
progeny types including F2, F2:3, backcross, recombinant inbred, and testcross. A major 
limitation of the method is the inability to account for crossovers between a QTL and its 
linked marker locus (Lander and Botstein, 1989). Since this approach is based on the 
association of a single marker genotype with phenotypic effects, it will not provide an 
estimate of a QTL position when recombination is present between the marker and the 
QTL. 
The limitations of single-factor models have been addressed by QTL detection 
models which simultaneously consider the genotypes at flanking markers. Flanking marker 
models utilizing least squares (Haley and Knott, 1992) and maximum likelihood methods 
(Lander and Botstein, 1989) have been described, and these procedures (referred to as 
interval mapping) allow tests for the presence of QTL at all points between linked marker 
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loci. The maximum likelihood procedure was incorporated into the software program 
MAPMAKER/QTL (Lincoln et al., 1993), which has been widely utilized for QTL mapping in 
a variety of crop species. Although interval mapping has advantages for the estimation of 
QTL locations and effects, studies have reported that single-factor ANOVA and interval 
mapping (MAPMAKER/QTL) effectively detect the same regions associated with trait 
variation (Stuber et al., 1992; Bubeck et al., 1993; Periera and Lee, 1995). 
A major limitation of simple interval mapping as applied by MAPMAKER/QTL is that 
the model for testing for the presence of a QTL does not account for variation of other QTL 
in the genome (Utz and Melchinger, 1994). When several linked QTL are present on a 
chromosome, the estimates of the position and effect of a QTL can be biased by adjacent 
QTL (Martinez and Cumow. 1992; Haley and Knott, 1992, Van Qoijen, 1993). Two closely 
linked QTL can lead to the detection of a "ghost" QTL at an intermediate position. QTL with 
opposite effects may cancel each other out leading to no QTL detected in the region. In 
addition. QTL on different chromosomes may have effects which are not independent due 
to collinearity of the data in small populations (Bridges, 1994). Ideally, when an interval is 
tested for the presence of a QTL, the test statistic should be independent of other QTL on 
the same chromosome as well as other chromosomes in the genome. This is the basis of 
the composite interval mapping (CIM) method proposed to improve the precision and 
efficiency of mapping multiple QTL (Jansen and Stam, 1994; Zeng, 1994). CIM utilizes 
interval mapping with selected marker loci as cofactors. The cofactors, which putatively 
flank all other QTL in the genome, absorb most of the variation accounted for by other QTL 
allowing for an independent test of each region. 
Two publicly available computer software programs incorporate the CIM method for 
identification of QTL. QTL Cartographer (Basten et al.. 1996) utilizes maximum likelihood 
4 
procedures, whereas PLABQTL (Utz and Melchinger, 1996) utilizes the regression 
approach of Haley and Knott (1992). PLABQTL was utilized for the studies reported herein 
due to its user-friendly interface and rapid computation time. Cofactors are selected with 
the aid of stepwise regression and Akaike's information criterion. PLABQTL includes 
models for a variety of progeny types including Fa, F3, later selfing generations, and 
testcross. 
Recombinant inbreds 
The advantages of recombinant inbreds (RIs) for detection of QTL have been 
described by several authors (Burr et al., 1988; Cowen et al., 1988; Lander and Botstein. 
1989: Simpson, 1989; Knapp and Bridges. 1990; Burr and Burr, 1991). RIs represent a 
permanent mapping population in which lines are homozygous for parental genotypes at an 
expected ratio of 1 ;1. The increased replication of homozygous parental genotypes results 
in increased power for testing differences between genotypic classes. The reduced genetic 
variation within Rl lines results in a greater precision of trait measurements compared to 
other types of replicated, segregating progeny. QTL with large effects should be detected 
consistently across generations, but the increased precision of the RIs should allow 
detection of QTL with smaller effects. Also, Rl populations should improve genetic 
resolution of linked QTL and distinguish linked from pleiotropic effects in some instances 
due to increased recombination between tightly linked loci. Improved genetic resolution 
would greatly benefit subsequent efforts to clone orthologous QTL (Paterson et al.. 1995) or 
transfer QTL in breeding programs (Dudley, 1993). 
QTL detection across environments 
Genotype x environment interactions (G x E) are commonly observed for 
quantitative traits. One possible explanation for G x E would be that different QTL or alleles 
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at the same QTL are responsible for genetic variation under diverse environmental 
conditions. Few QTL were consistently detected across environments for morphological 
traits in tomato (Paterson et al., 1991), for response to the disease gray leaf spot 
{Cercospora zeae-maydis Tehon & Daniels) in maize (Bubeck et al., 1993). for plant height 
and lodging in soybean (Lee et al., 1996), and agronomic traits in rice (Lu et al., 1997). In 
contrast, studies in maize have shown relatively consistent detection of QTL across diverse 
environments for grain yield (Stuber et al., 1992), morphological traits (Schon et al., 1994). 
second generation European com borer resistance (Schon et al., 1993), and northern com 
leaf blight {Setosphaeria turcica) resistance (Freymark et al., 1993; Dingerdissen et al.. 
1996). These differences in consistency may be attributable to biology of the traits, progeny 
and environment sampling variation. QTL detection methods, and threshold levels (Beavis. 
1994). 
In a marker-assisted breeding program, desirable genotypes are those with 
consistent performance across a set of environments representative of the target 
environment. Identification and selection for QTL with consistent relative effects would 
hopefully help to attain such stable performance. Also, QTL with inconsistent effects across 
environments might be the genetic factors responsible for G x E. These QTL could then 
serve as targets for future studies to increase our understanding of the genetic and 
physiological basis for interaction of the trait phenotype with the environment (Beavis and 
Keim, 1996). 
QTL detection under stress conditions 
Maize breeders evaluate genotypes over several locations and years to represent 
the range within the target environment. These evaluations likely contain a vanety of stress 
and nonstress environments, which occur randomly because of the impact of varying 
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climatic conditions (Rosieile and Hamblin, 1981). Stress due to limited moisture availability 
is a primary concern for maize production and can result in stunted growth and reduced 
grain yield. Plants are especially susceptible to moisture stress at or near the flowering 
period when drought can delay emergence of silks and decrease grain yield (Hall et al., 
1982). Beavis and Keim (1996) investigated quantitative trait loci (QTL) controlling grain 
yield in F2:4 and testcross progeny across stress (drought) and nonstress environments. No 
QTL were consistently detected across all environments. QTL were identified that were 
unique to either the stress or nonstress environments, and some QTL were detected in both 
stress and nonstress environments with no evidence of cross-over type environmental 
interactions. Ribaut et al. (1996) investigated QTL for flowering under three irrigation 
regimes. For three flowering traits, 23 QTL were detected under the severe moisture-
limited conditions. 9 (39%) of which were also detected under less stressful regimes. In 
sorghum, six genetic regions were identified that were associated with preflowering drought 
tolerance that were not associated with grain yield under fully irrigated conditions (Tuinstra 
et al., 1996). Eight additional regions were associated with grain yield or yield components 
under fully irrigated conditions, several of which were coincident with drought tolerance QTL 
locations. Although some QTL were common across stress and nonstress environments 
within all studies, the evidence suggests different genes may be more effective under 
different stress conditions. 
Excess moisture can also cause stress and has been associated with reduced plant 
height, delayed maturity, and decreased grain yield (Mukhtar et al., 1990: Kanwar et al.. 
1988; Joshi and Dastane. 1966). Previous studies have identified QTL controlling 
morphological (Veldboom and Lee. 1996b) and grain yield traits (Veldboom and Lee, 
1996a) in stress (excess moisture and 17% reduction in grain yield versus nonstress) and 
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nonstress environments. For both the morphological and grain yield traits, about 50% of the 
QTL detected in at least one of the two environments were detected in both environments 
indicating that environmental factors can affect the perception of QTL numbers, location, 
and effects. 
Maize testcross QTL studies 
The majority of QTL mapping studies in maize have evaluated simple progeny types 
such as single plants or lines derived from selfing or backcrossing. Most traits in maize, 
especially grain yield, display low correlations between inbred line per se and testcross 
performance (Hallauer and Miranda, 1988). Thus, evaluating testcross (TC) performance, 
or combining ability, is the primary concern in maize breeding programs to identify potential 
new hybrids. QTL identified in per se populations reflect within population additive and 
dominance effects, whereas QTL controlling TC performance reflect the interaction of 
population alleles with those of the tester. Therefore, QTL which have been identified on 
the basis of per se evaluations may not be the same QTL controlling TC performance. 
Sprague and Tatum (1942) refined the concepts of general (GCA) and specific 
(SCA) combining ability, which have had a significant impact the procedures utilized for 
inbred line development and population improvement in maize (Hallauer and Miranda, 
1988). GCA has been defined as the average perfonnance of a line in hybrid combinations 
across a series of testers and is indicative of genes having largely additive effects. SCA 
has been defined as the perfonnance of lines in certain combinations relative to the other 
lines and has been attributed to dominance deviations and epistatic interactions. By 
evaluating TC progeny of a population of segregating lines, QTL mapping studies may offer 
insight into the genetic factors underlying combining ability. 
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Recently, SCA effects have been mapped in several nnaize populations (Gocken et 
al.. 1993; Beavis et al., 1994; Schon et al., 1994; Ajmone-Marson et al., 1995; Lubberstedt 
et al.. 1997). With TC progeny from one unrelated tester, Beavis et al. (1994) identified 
SCA QTL for grain yield and several morphological traits in an adapted U.S. Com Belt 
population. Results from studies evaluating more than one tester seem to indicate that 
consistency of QTL regions for SCA effects across testers appears to be trait dependent 
and varies with the relationship of the testers. Lubberstedt et al. (1997), for example, 
reported consistent detection across TC progeny from two diverse testers for dry matter 
content and plant height but not for dry matter yield. With TC progeny from two testers. 
Schon et al. (1994) reported SCA QTL for protein content, kernel weight, and plant height in 
a European flint maize population. Highly consistent QTL locations were observed across 
testers for kernel weight and plant height but not for protein content. In studies that 
compared TC QTL regions to those identified in the same population in per se evaluations, 
only partial agreement was observed between the two progeny types for most traits 
(Gocken, 1993; Beavis et al., 1994; Schon et al., 1994). 
Dissertation Organization 
As the first part of my dissertation, six morphological traits, grain yield, and four yield 
components were investigated in a population of 185 Fe y Rl lines per se. The population 
was derived from a cross between maize inbreds l\/lo17 and H99. The first objective of our 
study was to locate and characterize genetic factors associated with trait variation. The 
second objective was to compare the detection of QTL in the Fe 7 generation with a previous 
study using F2 3 '""ss of the same population grown at the same location but evaluated in a 
different years (Veldboom and Lee, 1996a; 1996b). Previous studies have evaluated these 
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traits in different populations, environments, and generations but have not evaluated the 
same population at early (F2;3) and later {FQ J RIS) generations of inbreeding. 
Most traits in maize, especially grain yield, display low con-elations between inbred 
line per se and testcross performance (Hallauer and Miranda 1988). Thus, evaluating 
combining ability for grain yield is of primary concern in a breeding program. If QTL 
controlling SCA and GCA could be identified, marker-assisted selection potentially could be 
utilized to identify lines with the greatest potential prior to extensive testing and evaluation. 
The second part of my dissertation addresses this issue. From the Mo17 x H99 population. 
185 F6:8 and 194 Fz.s (Veldboom. 1994) lines were crossed onto three inbred testers to 
evaluate QTL controlling SCA and GCA. Traits analyzed in the testcross progeny include 
grain yield, moisture, flowering, and plant height. The objectives of this study are to 1) 
identify QTL associated with testcross performance for SCA effects and compare among 
the three testers, 2) identify QTL associated with GCA by pooling information from all three 
testers, 3) compare the detection of QTL associated with per se and testcross performance, 
and 4) compare QTL for SCA and GCA in the F6:8 with results from the f2:2 generation 
testcrosses. As with the per se experiment, no studies have reported the evaluation of QTL 
controlling testcross performance in the same population at eariy and later stages of 
inbreeding. 
This dissertation includes four manuscripts to be submitted to Crop Science. The 
first two manuscripts report on QTL identification in stress and nonstress environments in 
Fg ? lines per se. Results are compared with previous evaluations in the population at the 
F2:3 generation. The third and fourth manuscripts report on QTL controlling general and 
specific combining ability for F2:3 and Feis generation testcross progeny. The manuscripts 
are preceded by a General Introduction section and followed by a General Conclusions 
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section. References cited in the General Introduction and General Conclusions sections 
listed after the General Conclusions section. 
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DETECTION OF QUANTITATIVE TRAIT LOCI IN MAIZE ACROSS GENERATIONS IN 
STRESS AND NONSTRESS ENVIRONMENTS: I. PLANT HEIGHT AND FLOWERING 
A paper submitted to Crop Science 
David F. Austin and Michael Lee* 
Abstract 
Based on the prevalence of genotype x environment interactions for quantitative 
traits in breeding programs, it might be expected that different quantitative trait loci (QTL) 
are responsible for trait variation across diverse environments. Our objective was to 
evaluate the consistency of QTL detection for flowering and plant height in maize across 
stress and nonstress environments. One hundred and eighty-five Fs:? lines from a cross 
between inbred lines Mo17 and H99 were evaluated in two climatically diverse years at the 
same location. The stress environment was characterized by cool, wet conditions and a 
56% reduction in grain yield relative to the nonstress environment. QTL determinations 
were made in each environment and the mean of the two environments. Over all six traits, 
110 QTL were detected across the stress and nonstress environments with 39 (35%) being 
detected in both environments suggesting that the majority of the QTL could be unique to 
their environment. Seventy-five (68%) of the QTL were detected in the mean environment, 
and an additional ten QTL were detected in the mean that were not detected in either of the 
individual environments. The mean environment results were compared with the mean 
environment (same location, different years) results for the ?2-2 generation of the same 
population. Fifty percent of the QTL detected in the ^ mean environment were verified in 
the F5 7 generation. The relative effects of the common QTL were not always consistent 
across generations indicating possible environmental interactions because the progeny 
were evaluated in different years. 
Dep. of Agronomy. Iowa State Univ., Ames, lA 50011. Journal Paper no. J-17406 of the 
Iowa Agric. and Home Economics Exp. Stn. Project no. 3134. *Corresponding author. 
12 
introduction 
Maize breeders evaluate genotypes over several locations and years to represent 
the range within the target environment. These evaluations likely contain a variety of stress 
and nonstress environments, which occur randomly because of the impact of varying 
climatic conditions (Rosielle and Hamblin, 1981). Stress due to limited moisture availability 
is a primary concern for maize production and can result in stunted growth and reduced 
grain yield. Plants are especially susceptible to moisture stress at or near the flowering 
period when drought can delay emergence of silks and decrease grain yield (Hall et al., 
1982). Ribaut et al. (1996) investigated quantitative trait loci (QTL) controlling flowering 
traits under several irrigation regimes. For three flowering traits, 23 QTL were detected 
under the severe moisture-limited conditions, 9 (39%) of which were also detected under 
less stressful regimes. Although some regions with large effects were detected in all water 
regimes, the evidence suggests different genes may be more effective under different 
stress conditions. Excess moisture can also cause stress and has been associated with 
reduced plant height, delayed maturity, and decreased grain yield (Mukhtar et al., 1990: 
Kanwaret al., 1988; Joshi and Dastane, 1966). Previous studies have identified QTL 
controlling morphological (Veldboom and Lee, 1996b) and grain yield traits (Veldboom and 
Lee, 1996a) in stress (excess moisture and 17% reduction in grain yield versus nonstress) 
and nonstress environments. For both the morphological and grain yield traits, about 50% 
of the QTL detected in at least one of the two environments were detected in both 
environments indicating that environmental factors can affect the perception of QTL 
numbers, location, and effects. The effects of a more severe stress environment on QTL 
detection have not been investigated and potentially could have a more profound effect on 
QTL detection. 
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Based on the prevalence of genotype x environment interactions for traits in 
breeding programs, it might be expected that the suite of detected QTL would differ for 
diverse environments. This has been observed for morphological traits in tomato (Paterson 
et al., 1991) and for response to the disease gray leaf spot (caused by Cercospora zeae-
maydis Tehon & Daniels) in maize (Bubeck et al., 1993). In contrast, maize studies have 
shown relatively consistent QTL detection across diverse environments for grain yield 
(Stuber et al., 1992), morphological traits (Schon et al., 1994), and second generation 
European com borer resistance (Schon et al., 1993). These differences in consistency may 
be attributable to the biology of the traits, progeny and environment sampling variation, and 
QTL detection methods and threshold levels (Beavis, 1994). In a marker-assisted selection 
program, QTL with consistent effects across the target environments would be of the 
greatest interest. The QTL with inconsistent effects across environments, however, are 
possibly the genetic factors responsible for the observed genotype x environment 
interaction. These QTL could then serve as targets for future studies to increase our 
understanding of the genetic and physiological basis for interaction of the phenotype with 
the environment (Beavis and Keim, 1996). 
Recombinant inbreds (RIs) represent a permanent mapping population with 
advantages over other mapping populations for the detection of QTL (See Austin and Lee, 
1996a for review). One study in tomato (Goldman et al., 1995) and two in maize (Austin 
and Lee. 1996a; Austin and Lee, 1996b) have mapped QTL in Rl populations that had 
previously been evaluated in the same population at an earlier (F2 or F2:3) generation. All 
studies demonstrated the effectiveness of RIs in detecting a greater number of QTL than F2 
derived populations. 
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In the present study, plant height and flowering traits were investigated in a 
population of 185 F6 7 Rl lines derived from a cross between inbreds Mo17 and H99. The 
first objective of our study was to compare QTL detection in two climatically diverse (stress 
and nonstress) environments. The stress environment was defined by 128% above 
average precipitation and a 56% reduction in grain yield relative to the nonstress 
environment. QTL were identified individually in each environment and across 
environments to determine differences in environmental response of genetic factors 
controlling trait variation. The second objective was to compare QTL detection in the Fg.y 
with results from the F2;3 generation from the same population using the same QTL 
detection method. 
Materials and Methods 
The fomnation of the Mo17 x H99 mapping population has been described 
(Veldboom et al., 1994; Austin and Lee, 1996a). One hundred and eighty-six unselected 
F6:7 lines were developed by single-seed descent (Brim, 1966) with each F6:7 line tracing 
back to a different F2 plant. The F6;7 seed was used to grow seedlings utilized for DNA 
analysis and for the 1993 field trial (Austin and Lee, 1996a). Ten plants per F6;7 line were 
self pollinated, and equal quantities of Fe-g seed per plant were bulked and used for the 
1994 field trial. Rl line number 138 (experiment entry 137) was evaluated in 1993, but 
insufficient Fg s seed was obtained so it was not included in the 1994 field trial. Trait values 
for line 138 were excluded from QTL analysis. A different Rl line was evaluated in its place 
in 1994. so line 138 was excluded from the combined analysis leaving 185 lines evaluated 
in both environments. Most of the RIs (143, excluding line 138) were derived from lines 
evaluated at the F2 2 generation in 1989 and 1990 at the same location (Veldboom and Lee. 
1996a; Veldboonn and Lee. 1996b). 
The lines were evaluated in two replications of a 14x14 lattice design of one-row 
plots at the Agronomy and Agricultural Engineering Research Center near Ames, Iowa in 
1993 and 1994. Row length and width were 5.5 m and 0.76 m, respectively. Plots were 
machine-planted on May 15, 1993 and on May 3, 1994 at a density of 76,540 kernels ha'^ 
and thinned to 57,400 plants ha'^ (24 plants plot'^) at the six-eight-leaf stage. In addition to 
the 186 Rl lines, five entries each of Mo17 and H99 were included in each replication. Plot 
management was consistent with practices utilized in maize production in the region. 
Temperature and precipitation were recorded at the research farm, and growing degree 
days were calculated from daily maximum and minimum temperatures as described by 
Aldrich et al. (1986). 
Methods for collection of trait data have been described (Veldboom et al., 1994; 
Austin and Lee, 1996a). Flowering dates and plant heights were evaluated on a plot basis. 
Growing degree days (GDD; °C) to anthesis (POL) were calculated from the date of planting 
to the date 50% of plants in the plot had exerted anthers (pollen shed). GDD to silk 
emergence (SILK) were calculated from the date of planting to the date 50% of plants in 
the plot had silks emerged from the primary ear shoot. Anthesis-to-silk interval (ASI) was 
calculated as SILK minus POL. Plant and ear heights were measured after all plants in the 
plot had completed anthesis. Plant height (PHT) was measured from the soil level to the tip 
of the tassel. Ear height (EHT) was measured from the soil level to the node of attachment 
for the primary grain-bearing (top) ear. Ten consecutive competitive plants from each plot 
were measured to the nearest five centimeters, and plot means were calculated. Top 
height (THT), calculated as PHT minus EHT, was evaluated in the Fg y but not in the Fi.z 
generation. 
Statistical analysis of trait data was performed as described by Veldboom et al. 
(1994). Adjusted entry means were obtained by correcting for incomplete block effects in 
the lattice design within the 1993 and 1994 trials. The adjusted entry means of the two 
trials were averaged to give trait values for the mean environment used in the QTL analysis. 
From the combined analysis of variance across environments, heritabilities (h^) were 
estimated according to Hallauer and Miranda (1988) with exact 90% confidence intervals 
calculated according to Knapp et al. (1985). Adjusted entry means were used to calculate 
phenotypic and genotypic correlations between traits according to Mode and Robinson 
(1959). Standard errors of the genotypic correlations were calculated as described by 
Falconer (1989). Phenoytpic correlations between the f2 2 were estimated by 
using the values from the mean environments from the 143 lines evaluated in both 
generations. 
Linkage map 
The Fe linkage map based on RFLPs has previously been described (Austin and 
Lee. 1996a; available electronically on MaizeDB website, www.agron.missouri.edu). 
Subsequently, 41 SSR loci have been added (Senior et al.. 1996) and they are distributed 
over all ten linkage groups. Specific regions of the map have been extended including IS 
(7.6 cM), 2S (3.1 cM). 4S (6.2 cM), 4L (23.5 cM), 5L (2.6 cM). 6S (21.8 cM), 7S (10 cM). 7L 
(1.7 cM), 9L (14 cM), and 10S (34 cM). The present map consists of 142 loci and 1601 cM 
with an average distance between adjacent loci of 12.2 cM (Figure 1). Centromeres were 
placed approximately based on previous maps (Coe et al.. 1990; Veldboom et al., 1994; 
Coe et al., 1995; Matz et a!.. 1995). On the basis of centromere placement, chromosomal 
regions will be referred to herein as a number (1-10) followed by L (long arm).S (short arm), 
or C (region including centromere). 
Eighty-seven RFLP loci and one morphologicial marker (PI) are common between 
the F2 (Veldboom and Lee. 1996a) and Fe linkage maps. Locus order is identical except for 
pairs of loci on 9L (npi209-bnl14.28) and 10L (isu12-npi287). In both instances, map orders 
are opposite in the Fa and Fe maps. The F2 map consists of 111 loci (110 RFLP and PI1) 
and 1512 cM (Veldboom and Lee, 1996a). Twenty-three of the loci mapped in the F2 were 
not mapped in the Fg generation. These loci are placed on the map in Figure 1 based on 
relative position to the 88 common loci. The distal region of 7S is extended by two loci 
(isu86 and isu145A) in the F2 that were not mapped in the Fg. The remaining 21 RFLP loci 
were not mapped in the Fg generation due to their close proximity to other loci. 
QTL detection 
QTL were determined on the adjusted entry means of the 1993 and 1994 
environments and the mean environment by the composite interval mapping method 
(Jansen and Stam, 1994; Zeng, 1994). All computations for this method were performed 
with the software package PLABQTL (Utz and Melchinger, 1996) which employs interval 
mapping by the regression approach (Haley and Knott, 1992) with selected markers as 
cofactors. Details of the underlying model have been previously presented (Bohn et al.. 
1996: Lubberstedt et al. 1997). Because Fg y lines were evaluated, few heterozygotes were 
present, and an additive model was used for QTL detection. Cofactors were selected by 
stepwise regression, and final selection was for the model that minimized Akaike's 
information criterion with penalty = 3.0 (Jansen. 1993). To enable comparisons with 
previous QTL mapping in this population (Veldboom and Lee, 1996a; Veldboom and Lee. 
1996b), a LOD threshold of 2.0 was selected for QTL detection. Using the chi-square 
approximation suggested by Zeng (1994), this con-esponds to a comparisonwise type I error 
P<0.01 (Utz and Melchinger, 1996). For each QTL, a one-LOD support interval was 
constructed as described by Lander and Botstein (1989). On a chromosome, QTL with 
nonoverlapping one-LOD support intervals (SI) were considered as different regions. 
QTL analyses were also performed on the F2;3 generation for PHT, EHT, POL, SILK, 
and ASI by using mean performance across the 1989 and 1990 environments. These data 
have previously been evaluated by the simple interval-mapping method (Veldboom and 
Lee. 1996b), but have been reevaluated by the composite interval mapping method with an 
additive model to allow direct comparison with the Fe;- QTL data. To allow comparison of 
QTL positions across generations, Fars QTL positions were adjusted to correspond to the 
F5 7 linkage map based on relative position to the 88 loci common to both generations. 
Estimates of the percentage of the phenotypic variance explained by individual QTL 
were obtained by the square of the partial correlation coefficient between the respective 
QTL and the phenotypic observations, keeping all other QTL effects fixed. Estimates of the 
single QTL additive effects as well as the total LOD score and phenotypic variation 
explained by all QTL were obtained by simultaneously fitting a model including all QTL 
detected for the trait. The proportion of the genotypic variation explained by the final model 
was estimated by dividing the percentage of phenotypic variation explained by the trait h^ 
(Ottaviano et al., 1991; Schon et al., 1994). 
Environmental conditions 
The 1993 and 1994 growing seasons were different in terms of precipitation. GDD 
accumulation (Table 1), and sunlight (not quantified). Conditions during the 1994 growing 
season (May-September) were near normal with precipitation 7% below average and GDD 
accumulation 1% above average. In contrast, the 1993 growing season was the wettest on 
record (precipitation 128% above average) with GDD accumulation 7% below average. 
Although all months of the 1993 growing season exhibited above average precipitation, the 
period of July-August was especially stressful for late vegetative growth, pollination, and 
early kernel development. During this period, precipitation totals of more than three and a 
half times the normal levels delayed the onset of flowering. Fields were not flooded, but the 
soil was saturated during this time. This was followed by a stressful grain-filling period in 
September where GDD accumulations were 28% below average. These cool, wet 
conditions were the major contributors to the reduction in grain yield observed in 1993 
relative to 1994. Average grain yield for the FQ J lines was 1.41 Mg ha'^ in 1993, whereas 
yields were 3.18 Mg ha'^ (126% greater) in 1994. No obvious disease or insect problems 
were present in 1993 to explain the lower yields. A similar trend was observed in the Iowa 
statewide grain yield averages. In 1993, the statewide average yield was 5.02 Mg ha"\ the 
lowest since 1974, whereas the 1994 average of 9.53 Mg ha'^ is the highest on record 
(National Agricultural Statistics Service). Because of the climatic conditions and reduced 
grain yield in 1993, we consider 1993 to be a stress environment and 1994 to be a 
nonstress, or high-yield, environment. Similar, albeit less severe stress, circumstances 
prevailed in the evaluation of the F2;3 progeny from this population evaluated in 1989 (non-
stress) and 1990 (stress: Veldboorn and Lee 1996a). 
Results and Discussion 
Field data analysis 
The means of the parental inbreds and Fe ? lines in 1993.1994, and the mean 
environment are shown in Table 2. All trait values of the lines, except PHT, were 
significantly (P<0.001 for EHT, THT, POL, SILK; P<0.05 for ASI) different in 1993 and 1994. 
In 1993. the lines required more GDD for pollen shed and silk emergence, and displayed 
greater ASI. Water deficits can greatly affect flowering in maize with the greatest effects 
usually being delayed SILK and increased ASI (Hall et al., 1982). Stress due to excess 
moisture observed in 1993 seems to have resulted in similar effects with a 5% delay in POL 
and SILK and a 12% increase in ASI relative to 1994. in 1993, average EHT was 5 cm 
greater, whereas THT was 7 cm less. The opposing responses of the two components of 
PHT account for the nonsignificant, 2-cm reduction in PHT in 1993 as compared with 1994. 
Studies in maize have shown that excess soil water can lead to a reduction in PHT with the 
greatest reductions occurring with water stress during eariy vegetative growth (Mukhtar et 
al., 1990; Joshi and Dastane, 1966). The potential effects of excess moisture on PHT 
decrease at later stages of plant growth and development with little effect at post-flowering 
stages when plants have already reached their maximum height. This trend could likely 
explain the nonsignificant reduction in PHT observed in 1993. Excess moisture stress at 
eariy vegetative stages would effect total PHT and both components (EHT and THT); 
however, the majority of the excess precipitation occurred during late vegetative stages 
through flowering (July-August, Table 1). Eariier conditions (ample moisture and near 
average temperatures in May and June) were conducive to rapid vegetative growth, which 
could account for the increased EHT. Late vegetative growth would consist primarily of 
internode elongation above the node of the primary ear. Water stress during this stage 
would be expected to decrease THT; therefore, total PHT was only slightly affected. 
Genetic and genotype x environment variance components were highly significant 
(P<0.001) for all traits (Table 2). For all traits except EHT, estimates of genetic variance 
were less in the stress environment. This observation was also made in the F2.3 (Veldboom 
and Lee 1996b) and is consistent with theoretical studies (Rosielle and Hamblin, 1981). 
Values for h^ (from combined analysis across environments) were greater than 0.77 for all 
traits except ASI, which had a h^ of 0.51 (Table 3). High h^ values should facilitate the 
mapping of QTL explaining more of the genetic variance for a trait (Lande and Thompson, 
1990). Heritabilities (data not shown for each environment) were greater for all traits in the 
nonstress environment. ASI had the greatest difference with a h^ of 0.55 in the stress and 
0.84 in the nonstress. SILK h^ was also affected by the environment with values of 0.79 
and 0.92 in the stress and nonstress environments, respectively. All other traits had h^ 
values greater than 0.88 in both environments indicating SILK and ASI were most greatly 
affected in accordance with previous studies evaluating water stress in maize (Ribaut et al., 
1996: Hall et al., 1982). ASI was also the only trait with and a^gg variance components 
of nearly the same magnitude indicating the large environmental component of the trait 
variation (Table 2). Phenotypic correlations among the traits were similar for the two 
environments; therefore, only the phenotypic con-elations across environments are 
presented (Table 4). Genotypic correlations were similar to the phenotypic correlations. 
In the combined analysis across environments, the parental checks (Mo 17 and H99) 
were significantly (P<0.001) different for all traits with Mo17 having greater values (Table 2). 
Transgressive segregation exceeding the high and low parental values was observed for all 
traits. The Fg:? population means were near the mid-parent values for all traits. For PHT. 
EHT. and THT, the means of the lines were significantly (P<0.01) lower than the mid-parent 
values by 7, 4, and 4 cm, respectively. For POL, SILK, and ASI, the means of the Fg y lines 
were not significantly different than the mid-parent values. 
Detection of QTL in the Fs:? generation 
The additive effects and parental contributions for each Fg;? QTL detected in the 
1993 (stress), 1994 (nonstress), and mean environments are presented by chromosomal 
region in Table 5. A total of 120 QTL were detected (map region x trait combinations) for 
the six traits across each environment and the mean environment. Of the 120 QTL, 70% 
(85) were detected in the mean environment, 60% (72) were detected in the stress 
environment, and 64% (77) were detected in the nonstress environment (Table 3). Thirty-
six QTL (30%) were detected across the stress, nonstress. and mean environments. 
The mean environment should be the most efficient for detection of QTL because of 
the reduced standard error of line values for each trait (Knapp and Bridges, 1990) despite 
the diverse environmental conditions and significant genotype x environment interactions for 
each trait (Veldboom and Lee 1996b). This was reflected in the number of QTL detected in 
the mean environment, 85, which was more than either the stress or nonstress 
environments. Additionally, the mean environment should facilitate the detection of QTL 
with small effects undetected in the individual environments. This was observed with ten 
QTL detected in the mean environment that were not detected in either the stress or 
nonstress environments. These included two QTL for EHT (2L. 3C), four QTL for THT (IS, 
1C, 5S, 5C), and 4 QTL for ASI (1L, 2L, 5S, 9S). Of the ten QTL detected only in the mean 
environment, six were among QTL with the three smallest effects for their respective traits. 
A notable exception was the QTL detected only in the mean environment for ASI on 2L. In 
this instance, the QTL had the largest effect for ASI. When a QTL was detected in both the 
stress and nonstress environments, it was usually detected in the mean environment. Of 
the 39 QTL detected in both years, 92% (36) were also detected in the mean environment. 
QTL unique to one of the two environments were also represented in the mean 
environment. Sixteen QTL detected in 1993 but not 1994 and 23 QTL detected in 1994 but 
not 1993 were detected in the mean environment. 
Environment seems to play a role in the ability to detect specific QTL. For all traits, 
there were differences in QTL detection across environments. All traits, except ASI. had 
differences in tiie number of QTL detected in the stress and nonstress environments. PHT 
and THT each had more QTL detected in the stress environment, whereas EHT, POL, and 
SILK had more QTL detected in the nonstress environment. PHT had the largest difference 
with 21 QTL detected in the stress environment and only 10 in the nonstress environment. 
Although the same number of QTL (4) were detected in both environments for ASI. no QTL 
were common between the stress and nonstress environments. For ASI. these results are 
in contrast with those observed in a previous study investigating QTL controlling variation in 
irrigated conditions and two drought-stress environments. Ribaut et al. (1996) observed 
that the three QTL with the largest effects (1L, 2L, 6L) were consistent across all three 
water regimes. QTL for ASI in the present study were detected in close proximity to those 
three genetic regions, but they were not observed in both the stress and nonstress 
environments. QTL for AS! were detected in the corresponding regions on 1L and 2L in the 
mean environment with the 2L QTL having the largest additive effect. Based on the 
association of the ASI QTL on 6L in several other studies, Ribaut et al. (1996) proposed that 
the QTL might be "universal" for ASI in maize under both irrigated and drought-stressed 
conditions. This region contained QTL in the corresponding location on 6L in both the 1994 
(irrigated, based on Ribaut et al. classification) and the mean environments, but the effects 
were the smallest for both environments herein. Evidently, these three regions are 
associated with ASI across a range of environmental conditions and populations. 
Factors to be considered when comparing mapping results across environments 
include QTL locations, parental contributions, and the relative magnitude of additive effects. 
Over all six traits, 110 QTL were detected across the two environments (10 QTL detected in 
mean environment only). Of these 110, 39 (35%) were detected in both the stress and 
nonstress environments suggesting that the majority (65%) of the QTL could be unique to 
their environment. The possibility of sampling variation, however, cannot be refuted 
(Beavis, 1994). For the 39 QTL detected in both environments, the parental sources of the 
additive effects were the same. Consistent parental contributions for QTL detected in both 
the stress and nonstress environments were also observed in this population at the F2;3 
generation for morphological and grain yield traits (Veldboom and Lee, 1996a, 1996b), by 
Ribaut et al. (1996) for flowering traits, and by Beavis and Keim (1996) for grain yield. 
Relative magnitude of QTL effects, however, were not always the same across 
environments. For PHT. the QTL with the largest effect in 1993 (near phi039 on 1L) had the 
fourth largest effect in 1994. The QTL with the largest effect in 1994 (near bnl8.44A on 7L) 
was not detected in 1993. Both QTL were detected in the mean environment. Similariy for 
POL, the QTL with the largest additive effect in 1993 was detected on 1L (near phi039) and 
had the third largest effect in 1994. The QTL with the largest effect in 1994 (near umc27 
on 5S) was not detected in 1993, but both QTL were represented in the mean environment. 
Based on the results from this population and an earlier generation (Veldboom and Lee, 
1996b), detection of QTL in one environment was not representative of QTL in the other 
environment. Therefore, the mean environment seems to provide the most complete 
representation of QTL detection. 
Because the majority of the QTL detected in this population are observed in the 
mean environment, these QTL effects and locations have been presented in Table 6 and 
Figure 1. The number of QTL detected in the mean environment ranged from 14-16 per 
trait for all traits except ASI, which had eight (Table 3). ASI also had the least phenotypic 
variation explained (30%), whereas the other five traits had 58-68% of the phenotypic and 
61-76% of the genetic variation explained. The level of genetic variation explained by the 
QTL for ASI (59%) was comparable, however, because of the trait's lower h^ (0.51). At 48 
(56%) of the QTL, Mo17 alleles were associated with increased trait values. For PHT. EHT, 
THT, SILK, and ASI, the QTL with the largest effects were associated with Mo17, whereas 
H99 was associated with the largest effect QTL for POL. This was surprising for POL 
because H99 has the lower trait value (Table 1); however, three of the five QTL with the 
largest effects for POL are associated with Mo17. 
For a given chromosome, the proportion of QTL associated with either Mo17 or H99 
varied dramatically (Figure 1). Chromosome 1 contains the greatest number of QTL (18). 
and nearly all (16) are associated with Mo17. Chromosome 7, in contrast, contains the 
second most QTL (12), but all are associated with H99. On chromosome 1. three linked 
QTL for PHT are derived from Mo17, whereas three linked PHT QTL on 7L are derived from 
H99. The presence of linked QTL with the same parental contributions would facilitate rapid 
progress with marker-assisted selection if lines could be recovered with the favorable 
linkage blocks intact. Linkage data from Fg y lines of two populations indicates the presence 
of large intact linkage blocks or nonrecombinant chromosomes despite the several rounds 
of meiosis incurred during inbreeding (M. Lee, manuscript in preparation). 
Ail regions of the map, except 8S, contain QTL for at least one trait. The distribution 
of QTL varies considerably among regions (Table 6; Figure 1). For example, large regions 
(e.g.. 30-70 cM) of 2S, 3S, and 10L are nearly devoid of QTL. In contrast, several regions 
are associated with four or more traits (based on overiapping SI for multiple traits). Genetic 
explanations for multiple trait associations include pleiotropic effects (perhaps transcription 
factors) or the presence of linked QTL controlling different traits. The region on 1L (near 
phi039) contains QTL for all six traits associated with Mo17 alleles. The QTL have the 
largest additive effects for PHT and EHT, the third largest effect for THT, and moderate size 
effects for POL. ASI. and SILK. The distal region of 7L (near phi082) contains QTL for all 
traits except ASI with H99 associated with increased trait values. QTL were detected for 
PHT. EHT, POL, and SILK on 7C (near phi057-bnl15.40) with positive values associated 
with H99 alleles for all traits. These regions with QTL for multiple traits with similar 
locations, SI, and parental contributions could indicate the presence of a QTL with a 
pleiotropic effect on all traits. Region 2L (near bngl198-bnl8.44B) contains QTL for PHT. 
EHT. THT, and POL. The QTL for height traits are located close to bngl198 and are 
associated with Mo17, whereas the POL QTL is closer to bnl8.44B and associated with 
H99. This could indicate the presence of linked QTL with one controlling the height traits 
and another controlling POL. Two additional regions (IS near phi095) and 5C (near umc27) 
contain QTL for four traits each. 
Previous reports in maize (Abler, 1991; Veldboom and Lee 1996a. Veldboom and 
Lee, 1996b, Austin and Lee 1996a) have shown that correlated traits have QTL located in 
the same regions. In some instances, the method of measurement could result in some of 
the correlations. For example, EHT and THT are both components of PHT. Consequently, 
PHT is highly correlated to both EHT (rp=0.82) and THT (rp=0.82), but EHT and THT are 
not highly correlated to each other (rp=0.35). QTL with overlapping SI were detected for all 
three traits on 1L (2 regions), 2L, and 7L. In each instance, the positive alleles were the 
same for all three traits in a region. The region on 1L (near phi039) contained the QTL with 
the largest additive effects for PHT and EHT and the third largest effect for THT. 
Independent genetic factors controlling only EHT or THT were also identified. Five regions 
contained QTL for only PHT and EHT including 1L, 3L, 7C, 7L, and IOC. At all regions, 
parental effects were consistent between the QTL for the two traits. QTL were detected for 
only PHT and THT (same parental contributions) on 2L. 4L. and 5C. Overall, these 
observations would explain the high correlations between PHT and its two components and 
the low correlation between EHT and THT. 
Two regions contained QTL for EHT and THT but not PHT. On IS, the QTL for THT 
had an additive effect of 2.0 cm and was associated with H99, whereas the QTL for EHT 
also had an additive effect of 2.0 cm but was associated with Mo17. Similarly, QTL for EHT 
(2.6 cm, Mo17) and THT (2.0 cm, H99) were detected on 5S with additive effects of similar 
size but opposite parental contributions. These regions may each contain a QTL for which 
the H99 allele increases THT but decreases EHT. This scenario is supported by the relative 
proportion of THT to PHT in the parental inbreds. Although l\/lo17 has greater values for 
EHT. THT, and PHT (Table 1), the ratio of THT to PHT is greater for H99 (0.72) than Mo17 
(0.65). This pattern of reduced stature below the ear resembles that of the dwarf brachytic-
2 {br2), which develops fewer intemodes below the ear and has shorter internodes 
throughout the plant (Scott and Campbell, 1969). Based on maps combining the 
approximate locations of mutant and DNA-based loci (Coe et al., 1988; Coe et al., 1995). 
br2 is not near the EHT and THT QTL on IS; however, a THT QTL associated with H99 is 
located in the approximate position of br2 on 1L (Figure 1). A mutant with similar 
characteristics, br3. is located on chromosome 5 near the QTL for EHT and THT. These 
observations are in agreement with the relationship proposed by Robertson (1985), in which 
alleles with quantitative and qualitative effects reside at the same locus. 
High phenotypic correlations were also observed among the flowering traits with the 
highest correlation between POL and SILK (rp=0.88). SILK and ASI are also correlated 
(rp=0.65, but POL and ASI had a much lower correlation (rp=0.22). Two regions (1L and 
5S) contain QTL for ail three traits. The QTL on 1L are in close proximity to the mutant 
locus id1, a recessive factor that affects the initiation and development of flowering 
(Singleton, 1946). Of the 16 QTL for POL and 14 QTL for SILK, 13 locations are shared. At 
all 13 QTL, the parental alleles with positive effects are the same for the two traits. In 
agreennent with the correlations, one region (6L) contains QTL for SILK and ASI but not 
POL. The five ASI QTL with the largest additive effects are located in regions without QTL 
for POL and SILK (based on overlapping SI). This indicates that the majority of the genetic 
factors controlling ASI seem to be independent of the QTL for POL and SILK. Similar 
observations were made by Ribaut et al. (1996) for ASI under irrigated conditions. Of the 
four regions containing ASI QTL, one was associated with POL, whereas no regions were 
common for SILK. 
Herein, POL also has a moderate correlation with EHT (rp=0.51). Six regions (1L, 
5S, 6S. 7C, 7L, and 9L) have QTL for the two traits with overlapping SI and similar parental 
contributions. Because a correlation between two traits is the net sum of the effects of all 
genes controlling the traits, it is possible for two traits to share QTL locations due to either 
pleiotropy or linkage yet display a nonsignificant correlation. PHT and ASI, for example, 
display a low nonsignificant correlation (rp=0.10), but seven of the eight QTL for ASI are 
found in regions containing PHT QTL. QTL for the two traits on 2L and 6L have opposite 
parental contributions, whereas QTL on 3L, 5S, 5L, 7C, and 7L have similar parental 
contributions. Shared QTL locations for traits that are not correlated could lead to 
unexpected changes during marker-assisted selection programs. 
Comparison of QTL detection - F2;3 and Fg;? 
Table 6 presents a comparison of QTL detected in the mean environment for the F2 3 
(years 1989-1990) and F57 (years 1993-1994) generations of this population. The lines of 
each generation were evaluated in the same location but in different years as is typical of 
breeding programs. Previous comparisons in this population (Austin and Lee. 1996a: 
Austin and Lee, 1996b) iiave been complicated by the use of different QTL detection 
methods for the two generations. In this study, trait data from both generations were 
evaluated with the same methods. 
Phenotypic correlations between the ^ and Fg 7 generations were significant 
(PsO.001) for all traits (Table 4). Correlations were greater than 0.52 for all traits except ASI 
(rp=0.43), which also had the lowest h^ in both generations. The presence of significant 
correlations between trait values in the F2;3 and FQJ generations indicates consistent relative 
performance of the lines. 
Overall, more QTL were detected in the FQJ generation than with F2:3 progeny. A 
total of 52 QTL were detected in the F2-3, whereas 69 were detected in the generation 
(excluding THT, which was evaluated only in the Fen). Some of the increase in Fsj QTL 
numbers may have been due to the use of more markers and better map coverage. PHT 
and POL had the greatest increase in number of QTL with 6 and 9 additional QTL detected 
in the Fg ?. ASI was the only trait for which fewer QTL were detected in the FQJ. This is 
likely due to the lower h^ observed for ASI in the Fg;? (0.51) than in the F2:3 (0.74), which 
would limit the ability to detect QTL. 
Twenty-two QTL were detected in the F2;3 for PHT and EHT, and 11 (50%) of these 
also seem to be detected (overlapping SI and consistent parental allele) in the Fe r. For 
PHT. the QTL on 1L (phi039-umc37), had the largest additive effect in both generations with 
positive effects from Mo17. This QTL explained 35 and 23 percent of the phenotypic 
variation in the F2:3 and Fs y. respectively. This region seems to have a major effect on PHT 
in several maize populations (Beavis et al.. 1991; Edwards et al., 1992; Stuberet al., 1992; 
Koester et al.. 1993; Beavis et al., 1994; Schdn et al., 1994; Ragot et al.. 1995; Lubberstedt 
et al.. 1997). In two sorghum mapping studies (Ahnert. 1995; Pereira and Lee. 1995). QTL 
with the largest effect on plant height have been identified on linkage group A in a region 
orthologous to maize 1L. Additional regions containing PHT QTL in both generations with 
the same parental contributions include 1L, 2L, 6L, and 7C. For EHT, the QTL on 1L 
(phi039-an2.6) had the largest additive effect in the Fe:? and the second largest effect in the 
F2;3, explaining 18 and 24 percent of the phenotypic variation, respectively. The EHT QTL 
with the largest additive effect in the F2;3. near npi280 on 6L, was not significant in the Fg 7. 
Additional regions common to both generations include 1L, 3L. 6C, 7C. and 7L. 
Although the same genetic regions were often detected in both generations, the 
relative magnitude of the effects varied considerably for some traits. For the POL, SILK, 
and ASI, 15 of 30 (50%) QTL detected in the F2;3 were detected for their respective traits in 
the same regions (overiapping SI and consistent parental allele) in the Fg ?. Seven QTL for 
POL were detected in the F2;3, and the QTL on 1L (an2.6) had the largest additive effect. A 
QTL was detected in the Fg y in this region, but it had the fourth smallest effect of 16 FQ J 
QTL for POL. QTL were detected on 6C (npi235-phi077) with the largest effect in the Fg r 
and the second largest effect in the F2:3. For SILK. 12 QTL were detected in the F2;3, six of 
which were also detected in the Fg^. The QTL with the largest additive effect in the F2;3, 
near umc37 on 1L, had the 9th largest effect in the Fsj. The SILK QTL with the largest 
effect in the Fe y was detected on 1L (near bnl7.08) and was not detected in the F2 3. Eleven 
QTL were detected for ASI in the F2;3, four of which were also detected in the F^ y. In both 
generations, the ASI QTL with the largest additive effects were located on 2L and 
associated with Mo17. Although their LOD peaks were only 12 cM apart, they are not 
considered to be the same QTL because of their nonoveriapping SI. Regions containing 
ASI QTL with overlapping SI for the two generations include 1L. 3L, 6L, and 9S. 
As expected (Lee, 1995), the additive effects in the Fe:? were generally smaller in the 
Fe y than in the F2;3. Of the 11 common QTL for PHT and EHT, only one (PHT-2L) had a 
larger additive effect In the Fe y. Averaged over all 11 QTL, the additive effects were 36% 
smaller in the Fg;? for the height traits. For POL and SILK, 11 QTL were detected in both 
generations with four having larger effects in the Fg:?. Averaged over all 11 QTL, the effects 
were 9% smaller in the Fg ?. For ASI, the effects of the four common QTL were 39% 
smaller in the Fe.y than in the F2;3. In general, the estimates of the additive effects 
correspond to the mean of the traits in the two generations. For PHT and EHT. the mean of 
the F6 7 lines were 18% smaller for PHT and 24% smaller for EHT. For POL and SILK, the 
Fg y lines were three and two percent smaller, respectively. ASI, however, did not 
correspond to this trend. Although ASI was 38% greater in the Fg;?, the estimates were 
greater in the F2:3. Smaller additive effects in the Fg;/ could also be due to the effects of 
recombination or due to overestlmation in the F2:3. For all traits except ASI, more QTL were 
detected in the Fg:?. The effects were estimated by final simultaneous fit models; therefore, 
adding additional QTL to the model will likely reduce the effects of other QTL because of 
collinearity in the data. The comparison across generations is also confounded by any 
environmental effects on the QTL because of the evaluations being conducted during 
different years. 
Conclusions 
Our results suggest that QTL detection can be greatly affected by environmental 
conditions. Only 35% of the QTL detected among the stress (low-yield, 1993) and 
nonstress (high-yield. 1994) environments were detected in both environments. This is 
lower than previously reported in this population across stress and nonstress environments. 
Veldboom and Lee (1996b) reported 50% of QTL common across environments with a 
stress environment defined by a 17% reduction In grain yield. In the present study, the 
stress environment was defined by a 56% reduction in grain yield relative to the nonstress 
environment. The more severe environmental conditions of 1993 could have contributed to 
the lower correspondence of QTL across environments for the Fs.r generation. Similarly, 
39% of the flowering trait QTL identified under water stress conditions by Ribaut et al. 
(1996) were also detected across two less stressful water regimes. These results indicate 
that trait variation under stress conditions may be controlled by different sets of QTL. The 
data presented herein are in agreement with the suggestion of Falconer (1989) that yield in 
low production and high production environments could be considered unique traits not 
necessarily maximized by the same set of alleles. 
For the QTL common across environments, the parental allele contributing the 
positive value was the same, but the relative size of the effects often differed. The mean 
environment provided the best assessment of QTL for the population: 70% of the total 
number of QTL were detected in the mean environment. Neariy all (92%) QTL detected in 
both environments were also detected in the mean, and the increased precision of the 
mean provided for detection of 10 QTL not detected in either of the individual environments. 
The results reported herein demonstrate the effectiveness of Rl progeny for the 
detection and characterization of QTL. The additional recombination, homogeneity, and 
homozygosity of the Rl lines (Austin and Lee, 1996b) allowed the detection of a greater 
number of QTL in the mean environment than with F2;3 progeny. In addition to the detection 
of more QTL, 50% of the QTL detected in the mean environment of the Fa s were verified 
with the RIs. The relative effects of the common QTL, however, were not always consistent 
across generations indicating possible environmental interactions because the progeny 
were evaluated in different years. Despite the more severe stress environment observed in 
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the Fg j evaluations, both the F2:3 and Fs:? generations had about 70% of their respective 
QTL represented by their mean environment. The QTL identified in the mean environment 
seem to provide to the best representation of QTL with positive effects across nonstress 
and random stress environments, and these would be the most promising targets for a 
marker-assisted selection program. 
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Figure 1. RFLP and SSR linkage map for Mo17 x H99 Fe 7 lines. Loci unique to the F2 3 generation(**) are placed based on the 
88 loci common to both generations. Loci unique to the Fe ? generation (*) are indicated. Loci positions are given in cM to the 
right of the linkage groups relative to the first locus (position 0.0). QTL one-LOD support intervals for the F2 3 and Foj mean 
environments are indicated by vertical bars, and the maximum LOD peak positions are indicated by open diamonds. The 
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Table 1. Monthly precipitation amounts, GDD accumulations, and deviations from 
the site averages in 1993 and 1994. 
Precipitation (mm) GDP Accumulation (°C) 
Deviations Deviations 
Month Averagef in year Averagef in year 
1993 1994 1993 1994 
May 111 +75 -67 218 -20 +15 
June 130 +64 +12 324 -18 +30 
July 88 +328 -30 392 -8 -35 
August 99 +165 +14 359 +9 -26 
September 82 +20 +32 239 -67 +34 
May-Sept. 509 +652 -39 1532 -104 +18 
t Site average based on data from 1951-1980 at the Agronomy and Agricultural 
Engineering Research Center near Ames, Iowa. 
Table 2. Means and variance components estimates for 185 Fg 7 lines of maize population Mo17 x H99 in the stress (1993), 
non-stress (1994), and mean environments. 
Trait 
Means Range Variances 
Env. Mo17 H99 Lines Lines o'giSE o^geiSE a'±SE 
PHT 1993 212 147 168 117-215^ 330±38"* 72±8 
(cm) 1994 209 137 170 119-225 391±42"* 32±5 
Mean 210 142 169 118-219 321±36"* 31±6"* 52±4 
EHT 1993 78 44 56 28 - 93 128+15"" 24±3 
(cm) 1994 70 34 51 27-93 127±14"* 13±2 
Mean 74 39 53 30-87 120±13"* 7±2"* 18±1 
THT 1993 134 102 112 72 -146 125±15"* 36±4 
(cm) 1994 139 103 119 90 - 149 155±17"* 26±3 
Mean 137 102 116 86-141 113±14"* 23±4"* 30±2 
POL 1993 853 818 836 764 - 926 829±98'" 231±25 
(GDD) 1994 811 777 800 722 - 910 964±110'" 192±21 
Mean 832 798 817 745 - 891 702±90*** 195±32"* 212±16 
SILK 1993 907 824 871 778 - 959 1155±154*** 597±66 
(GDD) 1994 879 782 831 719-967 1873±2ir" 320±35 
Mean 893 803 850 753 - 955 1081±150"* 421±70"* 457±35 
AS! 1993 53 7 35 -15-96 286±59"' 462±50 
(GDD) 1994 68 6 31 -8-100 347±43"* 132±14 
Mean 60 7 33 -5-77 155±36"'' 155±34"* 299±23 
"* Significant at the 0.001 probability level. 
^Range values for 1993 do not include Rl line number 138 (yellow-striped, dwarf phenotype) for PHT (107 cm). The line was 
not evaluated in 1994, and 1993 values were excluded for all traits in QTL analyses. 
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Table 3. Heritability, QTL detected across environments, and percentage of phenotypic 
and genotypic variance explained by QTL In the mean environment for 185 Fg y lines of 
maize population Mo17xH99. 
Trait Heritability QTL detected % ap^ % ag^ 
h^ 90% C.I. Totalt 1993 1994 1993+1994$ Mean explained§ explained 
PHT 0.92 (0.90 - 0.94) 23 21 10 8 16 68 74 
EHT 0.94 (0.92-0.95) 25 13 19 9 15 58 61 
THT 0.86 (0.82-0.89) 22 14 13 9 16 58 67 
POL 0.82 (0.77 - 0.86) 20 9 17 6 16 63 76 
SILK 0.77 (0.71 -0.82) 18 11 14 7 14 56 73 
ASI 0.51 (0.37-0.61) 12 4 4 0 8 30 59 
Total: 120 72 77 39 85 
t Total number of QTL detected in 1993, 1994, and mean environments. QTL with overlapping 
one-LOD support intervals were considered to be the same across environments. 
t Number of QTL detected in both the 1993 and 1994 environments based on overlapping one-
LOD support intervals. 
§Phenotypic (p) and genetic (g) variance explained by QTL detected in the mean environment. 
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Table 4. Phenotypic (upper value) and genotypic (lower value) correlations 
between morphological traits of Fg.y lines of population Mo17xH99 evaluated 
across 1993 and 1994. Phenotypic correlations between Fe:/ lines and their 
corresponding F2;3 lines (evaluated across 1989 and 1990) are given along the 
diagonal. Standard errors of genotypic correlations are given in parentheses. 
EHT THT PHT POL SILK ASI 




























SILK 0.61*** 0.65*** 
0.65(0.07) 
ASI 0.43*** 
*, *, *** Significant at the 0.05, 0.01, and 0.001 levels, respectively. 
Table 5. Additive effects, parental contribution, and location of plant height and flowering trait QTL of 185 Fg ? 










cm cm GDD GDD GDD 
IS npi234-bngl439- 1993 5.7M,c 2.7M,c - 6.1M,c 4.6M,b -
phi095-P1-isu61 1994 - 2.0M.C - 6.7M,d 11.3M,c -
Mean - 2.0M,c 2.0H,b 6,2M,d 7.7M,c -
1C isu73-npi429- 1993 - - - - - 4.0M,c 
bnl7.08 1994 - - - 6.2M.b 9.8M,b -
Mean - - 2.2H,a 6,6M,b 12.1M,b -
1L npi236-phi039- 1993 6.2M,b 5.0M,c 2,5M,c lO.SM.b 8.4M,b -
umc37-an2,6 1994 5.1M,b 3.2M,b - 8.4M,b 11.9M.b -
Mean 6.6M.b 4.3M,b 3.0M,b 5.6M,b 8.3M.b 3.1M,b 
1L an2.6-phi011 1993 4.6M,b 3.3M,b _ _ 
1994 5.6M,b 3.3M.b 3.5M,b - - -
Mean 5.5M,b 2.7M,b - - - -
I Loci defining region where grain yield and yield component QTL were Identified. 
t Upper case letter indicates the parental allele that increased the trait value (M = Mo17, H = H99). The lower case letter indicates 
the locus nearest the LOD peak with loci in a region referred to in alphabetical order. For each trait-region combination, QTL one-
LOD support intervals overlap across environments unless noted. 
§ One-LOD support interval for the QTL in this environment does not overlap support intervals of other QTL for the trait detected in 
this region in other environments. 
Table 5. (continued) 
Locit Additive effects 
Region (a-b-c-d-e-f) Env. PHT EHT THT POL SILK ASI 
1L umc86A-bnl6.32 1993 2.9M,b - 2.5M,a - - -
1994 2.8M,b 1.5M,b 2.5M,a - - -
Mean 3.5M,a 1.3M,b 2,6M,a - - -
2S umc53-umc78 1993 - 1.9H,a . - . _ 
1994 - - - - - -
Mean - - - - - -
2S bngl125-umc34- 1993 4.0M,b 2.3M,b 1.0M,b . - -
phi083 1994 - - 1.8M,b - - -
Mean - - 2,2M,b - - -
2L npi565B-Agp2- 1993 3,3M.f - 2,0M,e - - -
npi565A-isu9- 1994 5.9M.e - 3.7M.e - - -
umc98A-phi127 Mean 4.9M.e - 3.7M,e - - 4.3M,b 
2L umc4-bngl198- 1993 2.5M.b - 2.5M,b - . -
bnl8.44B 1994 - - 2.1M.b 7.2H.b 9.6H,b -
Mean 3.4M,b 1.7M,a 2.5M.b 5.9H.b - -
3S bnl8.15-umc121 1993 _ _ 1.4H.a _ _ 
1994 - 1.6M.b - - - -
Mean - - 2,3H,a - - -
3C umc175-umc18- 1993 . - - 8.3H.C 8.8H.C _ 
umc26-umc165 1994 - - - 6.4H.d 8.9H,d 5,4H,d 
Mean - 0.9H,b - 7.2H.d 9.7H,d -
Table 5. (continued) 
Loci't Additive effects 














































































Table 5. (continued) 
Locit Additive effects 
Region (a-b-c-d-e-f) Env. PHT EHT THT POL SILK AS) 
5S umc72-umc27- 1993 .....
umc166 1994 - 2.3M,b - 11,9M,b 15.2M,b 
Mean - 2.6M.C 2.0H.b 8.6M,b 8,0M,b 
5C bnl10.06-bt1- 1993 4.4M,b ..... 
bnl10,12 1994 4.7M,b -  5.2M,a 
Mean 5.4M,b - 3.0I\/l,b - - 3,5M,c 
5L phi087-isu10 1993 3.7M,b - 2.9M,b 
1994 - - 2.9M,b 
Mean ...... 
5L umc68-phi128 1993 4.2H,a - 3.4H,a 
1994 - - 3.6H,a 
Mean - - 2,7H,a 
6S phi126-npi235- 1993 - - - 6.9H,c 9.0H,a 
phi077 1994 - 1.8H,c - 7.0H.b 
Mean - 1.3H,b - 9.4H,c 11.1H,b 
6C pt\i077-Pl1 1993 - - - 9.2M,b 11.3M,b 
1994 
Mean - - - 6.4M,b 8.5M,b 
6L bnl5.47-npi280- 1993 2.6M,b - 1.6H,e§ - 7.1H,b 
umc62-phi123- 1994 5.0M,b 2.0M,b 3.9M,a 5.8H,b 8.6H,b 4.8H.b 
Agpl Mean 2.7M,b - - - 7.3H,b 2,9H,b 
Table 5. (continued) 
Locit 




1994 - 2,2H,a 











1993 - 2.6H.b 
1994 8.5H,c 1.9H,b 




1994 - 2.4H,d 























2.8H,b 6.4H,d 9.5H,d 
4.1H,b 6.2H,d 8.9H,c 
3.3H,b 6.5H,d 9.1H,d 
7.9M,a 2.2M,b 
2.3M,a - 7,5H.d 4.8M,a 
5,5H,d 
6.1H,d - 4.0M,a 
4.1M,b 
Table 5. (continued) 
Locit Additive effects 
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Table 6. Comparison of QTL locations and effects for the mean environments in Fe 7 (1993 and 1994) and F2 3 (1989 and 
1990) generations of Mo17 x H99. 
Chrom- Position on chromosomet Nearest locus Max. LOD 
Trait some Fe:? F23 Fe? F 2:3 F6:7 F2:3 Fe,/ F 2:3 FO.7 
1 - 087-101-123 - PI - 2.97 - 6.6 -
1 182-188-190 189-192-196 phi039 umc37 8.48 16.01 22.8 35.3 6.6M 
1 208-216-222 222-230-242 phiOn isu6 7.18 4.57 15.7 13.5 5,5M 
1 258-270-274 - umc86A - 3.79 - 7,7 - 3.5M 
2 - 043-058-070 - umc34 - 2.88 - 9.6 -
2 094-102-112 099-115-144 umc98A isu117 3.20 2.44 11.2 8.3 4,9M 
2 144-148-162 - bngl198 - 4.02 - 6.6 - 3.4M 
3 126-142-150 - bnl3.18 - 3.66 - 10.7 - 4.3H 
3 160-178-178 - sh2 - 2.03 - 4.5 - 2.7M 
4 000-002-008 - phi072 - 2.28 - 10.5 - 4.1H 
4 - 077-077-100 - bt2 - 3.40 - 11.6 -
4 126-136-142 - npi292 - 4.59 - 6.3 - 3.1M 
5 076-086-094 - btl - 5.07 - 12.5 - 5.4M 
6 - 096-106-110 - bnl5.47 - 3.92 - 6,8 -
6 128-142-156 118-135-163 npi280 npi280 2.27 3.95 5.2 8,4 2.7M 
7 026-032-038 022-036-051 bnl15.40 bnl15.40 3.26 2.09 7.7 8.4 3.7H 
7 112-122-138 - bnl8.39 - 2.83 - 5.0 - 3.2H 
7 148-150-150 - phi082 - 4.00 - 8.5 - 3.8H 
8 - 040-058-070 - umc48 - 2.66 - 8.4 -
Additive effect§ 
2:3 










t Position of maximum LOD peak (center number) flanked by one-LOD support interval in cM relative to ttie first locus on 
chromosome (Figure 1). Positions for F2 3 QTL are adjusted relative to common loci mapped in generation. 
t Partial equals the percentage of phenotypic variation explained by a QTL keeping all other QTL effects fixed. 
§ Additive effects are followed by M(Mo17) or H(H99) to indicate the parental allele contributing to the increased trait value. Values 
calculated for each QTL keeping all other QTL effects fixed. 
# Totals are the LOD score and the percentage of phenotypic variation explained by a multiple model including all QTL detected for 
the trait. 
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Table 6. (continued) 
Chrom­ Position on chromosomet Nearest locus Max. LOD R't Additive effect§ 
Trait osome Far F23 F67 F23 Fe? F2 3 Fe? F23 Fe? F23 













1 182-188-190 189-194-204 phi039 an2.6 4.85 8.43 6.4 21,7 5,6M 12.9M 
2 - 119-135-153 - umc4 - 8.22 - 170 - 11.9H 
2 156-170-172 - bnl8.44A - 2.51 - 7.2 - 5,9H -
3 090-098-104 - umc165 - 5.28 - 9.3 - 7,2H -
4 052-058-064 - phi074 - 3.33 - 6.8 - 5.3iV1 -
4 148-164-176 144-151-156 php10025 npi410 3.53 3.15 10.2 4,3 8,2M 5.1M 
5 018-026-028 - umc72 - 2.41 - 5.2 - 5.0H -
5 054-058-064 - umc27 - 6.01 - 13.3 - 8.6M -
6 018-026-030 022-041-056 phi077 npi235 6.25 6.33 16.4 13,4 9.4H 12.6H 
6 062-076-080 - PI1 - 3.99 - 8.8 - 6.4M -
7 026-026-031 022-026-034 phi057 isu145A 6.56 6.27 15.6 15,4 8.4H 11.5H 
7 148-150-150 - phi082 - 4.75 - 10.2 - 6.5H -
8 110-118-118 - umc7 - 4.31 - 8.4 - 6.1H -
9 040-044-048 045-054-066 ptii065 umc114 7.10 2.37 17,2 2,9 9.1M 5.9M 
9 073-089-101 - bni14.28 - 2.74 - 3,7 - 7.0M 
9 106-114-114 - bngl128 - 2,13 - 4,3 - 4.3H 
Total 39.41 21.36 62.5 48.8 
Table 6. (continued) 
Chrom­ Position on chromosomet Nearest locus Max. LOD R't Additive effect§ 
Trait osome Fer F 2 3 F67 F 2 3 F 6.7 F 2 3 Fej F 2 3 F6;7 F 2 3 


















1 182-188-190 186-192-196 phi039 umc37 6.71 11.00 6.3 27.6 8.3M 18.8M 
2 - 038-040-055 - umc78 - 3,02 - 4 4 - 6.2M 
2 - 125-141-147 - umc4 - 7.83 - 22.6 - 17.1H 
3 088-098-126 - umc165 - 3.57 - 8.9 - 9.7H -
4 056-062-070 - phl079 - 3.06 - 4.1 - 5.8M -
4 - 085-111-139 - npi292 - 2.27 - 5.0 - 11.1M 
4 148-154-168 - php10025 - 3.73 - 9.5 - 8.9M -
5 018-026-028 027-028-042 umc72 umc72 3.06 2.99 3,9 5.7 5.9H 8.3H 
5 054-056-064 058-063-067 umc27 umc166 4.14 2.36 7.3 4.2 6.0M 7.3M 
6 000-012-030 022-043-068 npi235 npi235 2.72 2.04 10.0 4.7 11.1H 9.1H 
6 060-076-080 - PI1 - 4.99 - 8.5 - 8.5M -
6 132-142-154 110-132-169 npi280 npi280 4.08 3.37 6.8 7.4 7.3H 10.4H 
7 028-038-044 022-024-030 bnl15.40 isu145A 5.77 6.56 9.4 12.9 9.4H 12.5H 
7 148-150-150 - phi082 - 4.85 - 10.5 - 9.1H -
8 - 081-094-100 - npi268 - 5.54 - 13.1 - 11.2H 
9 024-034-040 - isu124 - 6.05 - 15.6 - 12.0M -
9 
Total 











Position on chromosomet Nearest locus Max. LOD R't Additive effect§ 
F6:7 F 2 3 F67 F 2 3 F67 F 2 3 Fe? F23 FBT F23 
ASI (GDD) 1 186-188-196 181-189-197 phi039 umc37 2.10 2.27 3.8 6.9 3,1M 5,2M 
2 - 003-003-022 - umc53 - 2.60 - 5.1 - 4,6H 
2 - 070-078-079 - php10012 - 5.16 - 12,6 - 7,8M 
2 086-090-092 - Agp2 - 3.85 - 7.0 - 4 3M -
2 - 119-144-173 - umc4 - 2.20 - 6.6 - 6,0H 
3 148-154-166 146-151-175 isu1 isu7 3.93 2.43 5.8 7.4 4,2M 5,7M 
4 - 006-006-018 - umc123 - 2.43 - 6.1 - 5,0H 
4 - 077-087-114 - bt2 - 2.07 - 8,1 - 7,3M 
5 010-024-044 - umc72 - 2.30 - 3.8 - 3,4H -
5 078-092-110 - bnl10.12 - 2.33 - 2.9 - 3,5M -
6 126-142-156 108-126-169 npi280 npi280 2.03 2.02 3.3 4,4 2,9H 5,2H 
8 044-048-054 - phi014 - 5.46 - 5.5 - 4,0M -
8 - 101-111-118 - umc7 - 2.66 - 5,1 - 5,5H 
9 000-004-008 000-010-029 phi122 CI 3.05 3.28 6.0 6,4 4,1M 6,7iVI 
g 
- 066-068-081 - umc29B - 2.63 - 8,4 - 6,6H 
Total 14.44 17.11 30.2 41,5 
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DETECTION OF QUANTITATIVE TRAIT LOCI IN MAIZE ACROSS 
GENERATIONS IN STRESS AND NONSTRESS ENVIRONMENTS: 
II. GRAIN YIELD AND YIELD COMPONENTS 
A paper submitted to Crop Science 
David F. Austin and Michael Lee* 
Abstract 
Grain yield is the primary trait of Interest in maize breeding programs, but its 
evaluation is complicated by genetic heterogeneity, a complex biological basis, and 
genotype x environment interactions. Genetic mapping studies of grain yield and yield 
components, with common sets of DNA marker loci and different populations evaluated 
across a range of environments, might identify regions of the genome associated with more 
or less consistent effects in different genetic and environmental contexts. Our objective was 
to evaluate the consistency of QTL detection for grain yield and four yield components in 
maize across stress and nonstress environments. One hundred and eighty-five Fe 7 lines 
from a cross between inbred lines Mo17 and H99 were evaluated in two climatically diverse 
years at the same location. The stress environment was characterized by cool, wet 
conditions and a 56% reduction in grain yield relative to the nonstress environment. Over 
all five traits, 59 QTL were detected in at least one of the two environments with 10 being 
detected in both environments suggesting that the majority of QTL could be context 
dependent. Thirty-two (54%) of the QTL were detected in the mean environment, and an 
additional eight QTL were detected in the mean that were not detected in either of the 
individual environments. Comparison of the FQ;? mean environment QTL with the mean 
environment (same location, different years) results from the F2:3 generation of the same 
population revealed 13 of 40 QTL detected in the F2;3 were verified in the Fg ? generation. 
Little evidence of cross-over type QTL interactions was observed, and QTL x environment 
interactions seem to be in the form of change in magnitude of effects. 
Dep. of Agronomy, Iowa State Univ.. Ames. lA 50011. Journal Paper no. J-17448 of the 
Iowa Agric. and Home Economics Exp. Stn. Project no. 3134. 'Corresponding author. 
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Introduction 
Grain yield is the primary trait of interest in maize breeding programs, but evaluation 
and improvement are complicated by complex plant biology, environmental interactions, and 
low heritability. Selected genotypes must provide consistent performance across multi-year 
and location evaluations that include randomly occurring stress and nonstress environments 
(Rosielle and Hamblin, 1981). In maize production, stress due to limited moisture 
availability is a primary concern. Drought stress at or near flowering can delay silk 
emergence and decrease grain yield (Hall et al., 1982). Beavis and Keim (1996) 
investigated quantitative trait loci (QTL) controlling grain yield in F2A and topcross progeny 
across stress (drought) and nonstress environments. No QTL were consistently detected 
across all environments. QTL were identified that were unique to either the stress or 
nonstress environments, and some QTL were detected in both stress and nonstress 
environments with no evidence of cross-over type environmental interactions. Ribaut et al. 
(1996) investigated QTL for flowering under three imgation regimes. For three flowering 
traits, 23 QTL were detected under the severe moisture-limited conditions, 9 (39%) of which 
were also detected under less stressful regimes. In sorghum, six genetic regions were 
identified that were associated with preflowering drought tolerance that were not associated 
with grain yield under fully irrigated conditions (Tuinstra et al., 1996). Eight additional 
regions were associated with grain yield or yield components under fully inigated conditions, 
several of which were coincident with drought tolerance QTL locations. Although some 
QTL were common across stress and nonstress environments within all studies, the 
evidence suggests that different genes may be more effective under different stress 
conditions. 
Reductions in grain yield of maize have also been associated with excess moisture 
stress (Mukhtar et al., 1990; Kanwar et al., 1988; Joshi and Dastane, 1966). Evaluations of 
^2:3 progeny have identified QTL controlling morphological (Veldboom and Lee, 1996b) and 
grain yield traits (Veldboom and Lee, 1996a) in nonstress and stress environments. For the 
morphological and grain yield traits, about 50% of the QTL were detected in both 
environments. Austin and Lee (1997), evaluating the same population at the Fe ? generation 
in more stressful conditions, detected 35% of the QTL for morphological traits in both the 
stress and nonstress environments. These studies suggest that environmental factors can 
greatly affect the perception of QTL. 
Genotype x environment interactions (G x E) are commonly observed for 
quantitative traits. One possible explanation for G x E would be that different QTL or alleles 
at the same QTL are responsible for genetic variation under diverse environmental 
conditions. Few QTL were consistently detected across environments for morphological 
traits in tomato (Paterson et al., 1991), for response to the disease gray leaf spot 
{Cercospora zeae-maydis Tehon & Daniels) in maize (Bubeck et al., 1993), for plant height 
and lodging in soybean (Lee et al., 1996), and agronomic traits in rice (Lu et al., 1997). in 
contrast, studies in maize have shown relatively consistent detection of QTL across diverse 
environments for grain yield (Stuber et al., 1992), morphological traits (Schon et al., 1994), 
second generation European com borer resistance (Schon et al., 1993). and northern corn 
leaf blight {Setosphaeria turcica) resistance (Freymark et al., 1993; Dingerdissen et al.. 
1996). These differences in consistency may be attributable to the biology of the traits, 
progeny and environment sampling variation, QTL detection methods, and threshold levels 
(Beavis, 1994). 
In a marker-assisted breeding program, desirable genotypes are those with 
consistent performance across a set of environments representative of the target 
environment. Identification and selection for QTL with consistent relative effects would 
hopefully help to attain such stable performance. Also, QTL with inconsistent effects across 
environments might be the genetic factors responsible for G x E. These QTL could then 
serve as targets for future studies to increase our understanding of the genetic and 
physiological basis for interaction of the trait phenotype with the environment (Beavis and 
Keim, 1996). 
In the present study, grain yield and four yield components were investigated in a 
F5 7 population derived from a cross between inbreds Mo17 and H99. The first objective of 
our study was to compare QTL detection in two climatically diverse (stress and nonstress) 
environments. The stress environment was defined by 128% above average rainfall during 
the growing season (May-September) and a 56% reduction in grain yield relative to the 
nonstress environment. QTL were identified individually in each environment to determine 
differences in environmental response of genetic factors controlling trait variation. The 
second objective was to compare QTL detection in the F6;7 with results from the F2:3 
generation from the same population grown at the same location but in different years. 
Recombinant inbreds (Rls) represent a permanent mapping population with advantages 
over other mapping populations for the detection of QTL (See Austin and Lee, 1996a for 
review). Previous studies in maize (Austin and Lee, 1996a: Austin and Lee, 1996b) and 
tomato (Goldman et al., 1995) have demonstrated the effectiveness of Rls in detecting a 
greater number of QTL than F2 derived populations. 
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Materials and Methods 
The formation of the mapping population, collection of the RFLP and SSR data, field 
design, and procedures for field data analysis have been described in detail (Austin and 
Lee, 1997). Herein, field trials were conducted in 1993 and 1994 to evaluate 185 Fs;? lines 
derived from a cross between maize inbreds Mo17 and H99. The lines and parental checks 
were evaluated in two replications of a 14x14 lattice design of one-row plots at the 
Agronomy and Agricultural Engineering Research Center near Ames, Iowa in 1993 and 
1994. Row length and width were 5.5 m and 0.76 m, respectively. Plots were machine-
planted on May 15, 1993 and on May 3, 1994 at a density of 76,540 kernels ha'^ and 
thinned to 57,400 plants ha'^ (24 plants plot"^) at the six-eight leaf stage. Grain yield and 
yield components were measured on a plot basis as follows: Grain yield (GY) is the total 
weight (g) of shelled grain converted to Mg ha"V Kemel weight (KWT) is the weight (g) of a 
300-kernel sample taken from shelled grain of the plot's total. Ear number per plant (ENP) 
is the total number of ears harvested from the plot divided by the number of plants in the 
plot. Ear length (EL) is the average length (cm) often primary (top) ears. Ear diameter (ED) 
is the average diameter (cm) of ten primary ears. Plots were harvested by hand. 
Abbreviations will be used in the proceeding text and tables. Dry conditions in May of 1994 
resulted in poor emergence and stand establishment of some entries in both replications. 
Covariance analysis for GY with stand as a covariate was not effective at reducing the error 
variance because the variation was due to entries rather than field variation. Therefore, plot 
GY for 1994 was calculated by dividing plot grain weight by the number of plants in the plot, 
then multiplying by 24 to give values on a full stand basis. 
Statistical analysis of trait data was performed as described by Veldboom et al. 
(1994). Adjusted entry means were obtained by correcting for incomplete block effects in 
the lattice design within the 1993 and 1994 trials. The adjusted entry means of the two 
trials were averaged to give trait values for the mean environment used in the QTL analysis. 
From the combined analysis of variance across environments, heritabilities (h^) were 
estimated according to Hallauer and Miranda (1988) with exact 90% confidence intervals 
calculated according to Knapp et al. (1985). Adjusted entry means were used to calculate 
phenotypic and genotypic correlations between traits according to Mode and Robinson 
(1959). Standard errors of the genotypic correlations were calculated as described by 
Falconer (1989). Phenotypic correlations between the F2;3 and the Fg^ were estimated by 
using the values from the mean environments from the 143 lines evaluated in both 
generations. 
QTL were determined on the adjusted entry means of the 1993 and 1994 
environments and the mean environment by the composite interval mapping method 
(Jansen and Stam, 1994; Zeng, 1994). All computations for this method were performed 
with the software package PLABQTL (Utz and Melchinger, 1996), which employs interval 
mapping by the regression approach (Haley and Knott, 1992) with selected markers as 
cofactors. Details of the underlying model have been previously presented (Bohn et al., 
1996; Lubberstedt et al. 1997) Because F6:7 lines were evaluated, few heterozygotes were 
present, and an additive model was used for QTL detection. Cofactors were selected by 
stepwise regression, and final selection was for the model that minimized Akaike's 
information criterion with penalty = 3.0 (Jansen, 1993). The primary interest of this study 
was to compare QTL main effects across environments and generations, so epistatic 
interactions were not included in the analysis. To enable comparisons with previous reports 
using this population (Veldboom and Lee. 1996a; Veldboom and Lee. 1996b). a LOD 
threshold of 2.0 was selected for QTL detection. For each QTL. a one-LOD support interval 
was constructed as described by Lander and Botstein (1989). QTL with nonoverlapping 
one-LOD support intervals (SI) were considered as different regions. 
QTL analyses were also performed on the F2;3 generation for GY, KWT, ENP, EL, 
and ED by using mean performance across the 1989 and 1990 environments. These data 
have previously been evaluated using the simple interval mapping method (Veldboom and 
Lee, 1996a), but have been reevaluated utilizing composite interval mapping with an 
additive model to allow direct comparison with the F6;7 QTL data. To allow comparison of 
QTL positions across generations, F2:3 QTL positions were adjusted to correspond to the 
Fey linkage map based on relative position to the 88 (87 RFLP: 1 morphological, PI) loci 
common to both generations. One hundred and forty-three of the Fg:? lines are descendants 
of the F2:3 lines previously evaluated (Veldboom and Lee, 1996a; Veldboom and Lee, 
1996b). 
Phenotypic variance estimates for individual QTL were obtained by the square of the 
partial correlation coefficient between the QTL and the trait data, keeping all other QTL 
effects fixed. Estimates of QTL additive effects as well as the total LOD score and 
phenotypic variation explained by all QTL were obtained by simultaneously fitting a model 
including all QTL detected for the trait. The proportion of the genotypic variation explained 
by the final model was estimated by dividing the percentage of phenotypic variation 
explained by the trait h^ (Ottaviano et al., 1991; Schon et al., 1994). 
The 1993 and 1994 growing seasons were different in terms of precipitation, 
accumulation of growing degree days (GDD), and sunlight (Austin and Lee, 1997). 
Conditions during the 1994 growing season (May-September) were near normal with 
precipitation 7% below average and GDD accumulation 1% above average. The 1993 
growing season (May-September) was the wettest on record (precipitation 128% above 
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average) with GDD accumulation 7% below average. The period of July-August was 
especially stressful for late vegetative growth, pollination, and early kernel development. 
During this period, precipitation totals were three and a half times the normal levels. The 
research plots were not flooded, but the soil was saturated during this time. Low GDD 
accumulation during grain filling in September (28% below average GDD) also occurred in 
1993. The grain yield average in Iowa for 1993 was the lowest since 1974, whereas the 
1994 average is the highest on record (National Agricultural Statistics Service). For these 
reasons. 1993 is considered the stress (low-yield) environment and 1994 is considered the 
nonstress (high-yield) environment. Similar, albeit less severe, stress conditions prevailed in 
1989 (nonstress) and 1990 (stress) when the F2;3 generation was evaluated (Veldboom and 
Lee 1996a). 
Results and Discussion 
Analysis of field data 
The means of the parental inbreds and Fe:? lines in 1993, 1994, and the mean 
environment are shown in Table 1. All trait values of the lines were significantly (P<0.0001) 
lower in 1993. Average GY of the F5.7 lines was 1.41 Mg ha'^ in 1993 and 3.18 in 1994. 
Mean values for GY, ENP. KWT, EL, and ED were 56, 30, 25, 21, and 10 percent lower in 
1993. Although excess moisture was recorded during each month of the growing season 
(May-September), the majority (50% of the total excess) came during July, which 
corresponded to the pretassel stage because the majority of the lines flowered (pollen shed 
and silk emergence) during late July and eariy August. Average precipitation in July is 88 
mm. whereas 416 mm were recorded at Ames in 1993. Excess moisture can severely 
reduce grain yield in maize (Mukhtar et al.. 1990; Kanwar et al.. 1988: Joshi and Dastane. 
1966). and the greatest reductions in grain yield occur when stress due to excess water 
occurs during the late vegetative, pre-tassel stage (Evans et al., 1990). The morphological 
traits were much less affected by the stress environment with plant height being nearly 
equal in the two environments, whereas anthesis and silk emergence were both delayed by 
5% in 1993 relative to 1994 (Austin and Lee, 1997). This is likely due to the timing of the 
stress periods, which occurred mostly just before and after pollination. 
For all traits, genetic and genotype x environment variance components were highly 
significant (P<0.001), and estimates of genetic variance were less in the stress environment 
(Table 1). This obsen/ation was also made in the F2 2 (Veldboom and Lee, 1996a) and is 
consistent with theoretical studies (Rosielle and Hamblin, 1981). Values for h^ (from 
combined analysis across environments) were lowest for ENP (0.19) and GY (0.39) and 
highest for KWT (0.79) and ED (0.80; Table 2). Heritability estimates from the F2;3 
generation combined analysis were greater for all traits, with GY (0.83) and ENP (0.71) 
having the greatest differences (Veldboom and Lee, 1996a). Heritabilities in the Fe ? (data 
not shown for each environment) were greater for all traits in the nonstress environment. 
Lower h^ values are also often observed for GY under drought stress, and have been 
attributed to the greater decrease in genetic variance relative to environmental variance 
among plots with increasing stress (Bolanos and Edmeades, 1996). GY and ENP were also 
the only traits with variance component estimates for a^ge larger than a^g indicating a large 
environmental component of the trait variation (Table 1). Phenotypic correlations among 
the traits were similar for the two environments; therefore, only the phenotypic correlations 
across environments are presented (Table 3). Phenotypic con-elations between grain yield 
and each of the four yield components were significant and positive. Similar to previous 
evaluations of tine F2:3 generation (Veldboom and Lee, 1996a), GY fiad tlie strongest 
correlation with EL. Genotypic correlations were similar to the phenotypic correlations. 
In the combined analysis, the parental checks (Mo17 and H99) were significantly 
(P<0.001) different for KWT and EL with Mo17 having greater values (Table 1). Mo17 also 
had values greater (non-significant) than H99 for GY, ENP, and ED. The non-significant 
differences between the parents in the combined analysis for GY and ED are likely due to 
the low differences observed in 1993 (nonsignificant), whereas in 1994 the differences were 
highly significant (P<0.001) and consistent with previous observations (Veldboom and Lee, 
1996a). The parents were not significantly different for ENP in either of the individual 
environments. In the combined analysis, transgressive segregation exceeding high and low 
parental values was observed for all traits. The population means were near the mid-parent 
values for all traits. 
The additive effects and parental contributions for each Fg y QTL detected in the 
1993 (low-yield), 1994, (high-yield), and mean environments are presented in Table 4. A 
total of 67 QTL were detected (map region x trait combinations) for the five traits over each 
environment and the mean environment. Of the 67 QTL, 60% (40) were detected in the 
mean environment, 54% (36) were detected in the stress environment, and 49% (33) were 
detected in the nonstress environment. Nine QTL (13%) were detected across the stress, 
nonstress, and mean environments. In contrast, 36 of 120 (30%) QTL for the morphological 
traits were observed in both environments and the mean (Austin and Lee, 1997). In 
general, the morphological traits had higher h^ values, a smaller ratio of a^g and the 
population means were less affected in the stress environment. These factors are likely 
responsible for the lower consistency of QTL detection across the stress and nonstress 
environments for grain yield and yield components. 
Because of the reduced standard error of trait values, the mean environment should 
be the most efficient for the identification of QTL (Knapp and Bridges, 1990). Previous 
studies in this population at the F2 2 (Veldboom and Lee, 1996a: Veldboom and Lee, 1996b) 
and F6;7 generations (Austin and Lee, 1997) have shown the mean environment to be the 
most efficient for the detection of QTL. Herein, 40 QTL were detected in the mean 
environment, slightly more than either the stress or nonstress environments (Table 2). The 
mean environment also should allow the detection of QTL effects too small to be detected in 
the individual environments. This was observed with eight QTL being detected in the mean 
environment that were not detected in either the stress or nonstress environments. These 
included two QTL for GY (3L and 5S), two QTL for KWT (2S and 3S), two QTL for ENP (1L 
and 6L), and two QTL for EL (1L and 9S). Of the eight QTL detected only in the mean 
environment, six were among the QTL with the smallest additive effects for their respective 
traits. The two exceptions. KWT QTL on 2S and 3S, had the eighth and fifth largest effects 
of 13 QTL detected in the mean environment for KWT. When a QTL was detected in the 
stress and nonstress environments, it was nearly always detected in the mean environment. 
Of the ten QTL detected in both years, nine were also detected in the mean environment. 
Similar efficiency of the mean environment was observed for the morphological traits where 
92% of QTL detected across the stress and nonstress environments were also detected in 
the mean environment (Austin and Lee, 1997). QTL unique to one of the two environments 
were also represented in the mean environment. Eleven QTL detected in 1993 but not 
1994. and 12 QTL detected in 1994 but not 1993 were detected in the mean environment. 
Over all five traits, 59 QTL were detected in at least one of the two environments (8 
QTL detected in the mean environment only). Of these 59, 10 (17%) were detected in both 
the stress and nonstress environments. The number of QTL common across the two 
environments ranged from zero for EL to four for KWT (Table 2). This indicates that the 
majority (83%) of the QTL could be unique to their environment. Similar results were also 
observed for morphological traits with 65% (71 of 110) of the QTL being detected in only 
one of the two environments (Austin and Lee, 1997). The possibility of sampling variation, 
however, cannot be refuted, and such differences could be the result of QTL detected in 
one environment being a subset of the total for the trait and population (Beavis, 1994). For 
the ten QTL detected in both environments, the parental sources of the additive effects 
were the same. For eight of the ten QTL common to both environments, the additive effects 
were smaller in the stress environment, corresponding to the lower trait means observed in 
1993. Such consistent parental contributions were also observed in this population at the 
^6:7 generation for morphological traits (Austin and Lee, 1997), at the F2;3 generation for 
morphological and grain yield traits (Veldboom and Lee, 1996a, 1996b), and in studies 
evaluating nonstress and drought stress environments for flowering traits (Ribaut et al., 
1996) and grain yield (Beavis and Keim, 1996). Observations of stable QTL are promising 
for the potential application of marker-assisted selection. 
For GY, six QTL were detected in at least one of the two environments (2 QTL 
detected in the mean environment only). Four QTL were detected in 1993 and three in 
1994 with one common between the two environments. The common QTL (near npi280 on 
6L) had the largest effect in the nonstress environment (0.48 Mg ha"\ Mo17) and the third 
largest effect (0.09 Mg ha'\ Mo17) in the stress environment. The additive effect was 81% 
smaller in the stress environment, corresponding to the 56% smaller population mean. The 
QTL with the largest effect in the stress environment (near umc21 on 6L) was associated 
with H99 and was not detected in the nonstress environment. This contribution of H99 was 
surpnsing because Mo17 had a significantly higher GY than H99 in the stress environment. 
H99. however, seems to be less responsive to the stressful conditions. The GY of Mo17 
was 51% lower in the stress environment than in the nonstress environment, similar to the 
56% decrease in the population mean. In contrast, H99 GY was 37% lower in the stress 
environment. 
Environment also seems to play a role in the ability to detect and in the relative 
magnitude of specific QTL for the four yield components. It is expected that a reduction in 
the genetic variance would limit the number of QTL that could be detected (Lande and 
Thompson, 1990). All yield components had lower genetic variances in the stress 
environment, and ENP and EL had more QTL detected in the nonstress environment. In 
contrast. KWT and ED each had more QTL detected in the stress environment. For ENP, 
QTL with the largest effects in both the stress and nonstress environments were detected 
on 3L near isul. However, another ENP QTL detected in the stress environment on 6L had 
the same size effect and was not detected in the nonstress environment. For KWT, the 
QTL with the largest effect in 1993 (near bnl9.11 on 8C) had the fourth largest effect in 
1994. The KWT QTL with the largest effect in 1994 located on 2S (near umc53) was not 
detected In 1993. For both EL and ED, the QTL with the largest effects in the stress and 
nonstress environments were not detected in the other environment. The LOD threshold 
(2.0) utilized herein was fairly low, and the presence of QTL in only one environment could 
indicate false positives. However, with one exception, QTL with the largest effect in one 
environment that were not detected in the other environment had LOD scores greater than 
3.0 (data not shown) indicating that they are likely not false positives. In nearly all 
instances, the QTL with the largest effect in the stress or nonstress environment was 
observed in the mean environment. The only exception was the KWT QTL in 1994 on 2S. 
A QTL was detected in the mean environment in this region, but the one-LOD Si did not 
overlap. 
Based on the results from this population for grain yield and yield components, for 
morphological traits (Austin and Lee, 1997), and from an earlier generation (Veldboom and 
Lee, 1996a; Veldboom and Lee, 1996b), detection of QTL in one environment was not 
representative of QTL in the other environment. Thus, the mean environment seems to 
provide the best representation of QTL with larger and/or consistent effects. 
Because the majority of the QTL detected herein are observed in the mean 
environment, these QTL effects and locations have been presented in Table 5 and Figure 1. 
GY and ENP had the fewest QTL (5 and 4. respectively) detected in the mean environment 
and the lowest phenotypic variation associated with DNA marker loci, 27% for both traits 
(Table 2). The two traits, however, had the highest percentage of genotypic variation 
explained due to their low heritabilities (% genotypic explained = % phenotypic 
explained/h^). KWT had the most QTL detected (13), whereas ED had the largest 
percentage of the phenotypic variation explained (49%). Mo17 alleles contributed a positive 
effect at 26 of the 40 (65%) QTL detected in the mean environment (Table 5). For GY and 
KWT. the QTL with the largest effects were associated with Mo17. For ENP, EL, and ED, 
the QTL with the largest effects were associated with H99. For EL and ED, the QTL with 
the largest effects in the mean environment were also detected in the stress environment 
but not in the nonstress environment. As mentioned previously, H99 is less responsive and 
perhaps more tolerant to the stress environment for GY. H99 has also been observed to be 
tolerant of stress related to water deficits (W.A. Russell, pers. comm.). Because ED and EL 
are the two components with the highest phenotypic correlations with GY (Table 3), it is not 
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surprising to observe QTL with major effects associated with H99 in the stress and mean 
environments. 
The contribution of positive alleles from both parents likely contributes to the 
transgressive segregation observed for traits in this population (deVincente and Tanksiey, 
1993). Supporting evidence is provided by evaluating the parental composition at loci 
associated with GY QTL for the five lines with the highest and lowest GY in the mean 
environment (data not shown). The QTL with the largest additive effect in the mean 
environment (6L near npi280) was associated with Mo17. All five of the highest yielding 
lines were homozygous Mo17 at npi280, whereas all five of the lowest yielding lines were 
homozygous H99. The QTL with the third largest effect (1L near npi429) was associated 
with H99. All five of the highest yielding lines had the H99 homozygous genotype for 
npi429, whereas the lowest yielding lines had the Mo17 genotype. Summarized over all five 
GY QTL, the highest yielding lines had 4-5 of the favorable genotypes whereas the lowest 
yielding lines had only 0-2 of the favorable genotypes. 
Grain yield is influenced by a plethora of genetic and physiological networks, all of 
which respond to environmental cues throughout the growing season . Also, differences in 
traits such as maturity, disease and insect resistance, and stress tolerance all can greatly 
affect final grain yield. Herein, four yield components had positive correlations with grain 
yield (Table 3). In the mean environment, yield component QTL, most often EL and ENP, 
were detected in the same regions as four of the five GY QTL locations (Figure 1). GY QTL 
located on 1L (EL, ED), 3L ( ENP, EL), 6L (ENP, EL), and 8L (ENP, ED) all had SI 
overlapping yield component QTL with the same parental contributions. Of the yield 
components, KWT had the lowest correlation (rp=0.19), and no QTL locations were common 
with GY. Phenotypic correlations for the remaining three yield components ranged from 
0.43 to 0.59, and each component shared two QTL locations with GY. For KWT, EL, and 
ED, more QTL were detected per trait in the mean environment than for GY. Each 
component may have an effect on GY, but they may be too small to be distinguished from 
experimental error in this type of study. GY also had highly significant (P<0.001) phenotypic 
correlations with morphological traits evaluated in this population (Austin and Lee, 1997) 
including plant height (rp=0.28), anthesis (rp=-0.35), silk emergence (rp=-0.46), and 
anthesis-silk interval (rp=-0.40). Plant height and GY shared QTL locations on 3L, 6L, and 
8L with the same parental allele having a positive effect on both traits corresponding with 
their positive correlation. Anthesis (2L, 5S. 8L), silk emergence (1L, 5S, 6L), and anthesis-
silk interval (3L, 5S, 6L) each had three regions in common with GY QTL. At each region, 
the parental allele increased or decreased trait values in agreement with their negative 
correlations. Genetic explanations for multiple trait correlations include pleiotropic effects or 
the presence of linked QTL controlling different traits, and these two possibilities cannot be 
resolved in this type of study. 
Comparison of QTL detection - F2:z and Fg;? 
Table 5 presents a comparison of QTL detected in the mean environment for the Fg 7 
(1993+1994) and F2 2 (1989+1990) generations of this population. Typical of most 
breeding programs, the generations were evaluated at the same location but in different 
years. Phenotypic correlations between the F2;3 and Fs 7 generations were significant 
(P<0.01) for all traits (Table 3). Grain yield had a correlation of 0.26, and the four yield 
components had correlations greater than 0.39. The presence of significant correlations 
between the trait values in the two generations indicates some level of consistency in the 
relative performance of the lines. 
Over ail five traits, the same number (40) of QTL were detected in the Fars and Fs 7 
generations. More QTL were detected in the F2:3 for GY and ENP, whereas more QTL were 
detected in the j for KWT, EL, and ED. The Fg;? generation should be more efficient and 
powerful for QTL detection because of increased homozygosity, homogeneity, and 
increased recombination for separation of linked QTL (for review see Austin and Lee, 
1996a). For morphological traits in this population, 33% more QTL were detected in the Fe -
than the Fz-z generation (Austin and Lee, 1997). For the morphological traits, h^ values 
were of similar magnitude across the generations. Herein, h^ values for GY (0.39) and ENP 
(0.19) in the F0 7 evaluations were much lower than those observed in the F2 2 (0-83 and 
0.71. respectively; Veldboom and Lee, 1996a). The lower values may be attributed to 
the higher degree of stress of the FSIT evaluations (56% lower GY in 1993 than 1994) and 
the greater responsiveness of highly inbred genotypes. Higher trait h^ values, expected to 
enhance detection of QTL associated with larger portions of the genetic variance (Lande 
and Thompson, 1990), could explain the greater number of GY and ENP QTL in the F2:3 
despite the advantages of recombinant inbred (Fg:?) lines for identification of QTL. 
Three of the eight GY QTL detected in the F2;3 generation were detected in the Fs 7 
generation based on overlapping SI: on 6L (near npi280, from Mo17) with the largest 
additive effect in both generations, on 8L (umc48-npi268, from Mo 17) with the second 
largest effect in the F6:7 and the fourth largest effect in the F2:3 generation, and on 3L (near 
bnl3.18. from H99). The QTL on 6L explained 31 and 13 percent of the phenotypic 
variation in the F2;3 and F0 7 generations, respectively. The additive effect in the Fg^ 
generation (0.24 Mg ha"^) was 76% smaller than in the F2:3 (0.99 Mg ha"^). Some of this 
difference is likely due to the lower GY average (48% lower) observed for the Fg 7 
generation (2.31 Mg ha") than the F2:3 generation (4.43 Mg ha'^). Overestimation of the 
effects in the Fz.i generation and/or the effects of additional rounds of recombination 
observed with recombinant inbreds could also contribute to this difference (Lee, 1995; 
Darvasi and Soller, 1995, Burr et al., 1988). In both generations, the QTL on 6L had 
smaller effects in the stress environments. In the F2:3, the QTL had a 34% smaller effect in 
the stress (1990) environment (Veldboom, 1996a). In the F6;7, the effect in the stress 
environment (1993) was 81% smaller than in the nonstress environment (1994: Table 4). 
These reductions were greater than the reductions in the population mean in the stress 
environment for the Fs 7 (56%) and F2 2 (17%) indicating that the QTL effects could be 
interacting with the environment. In this population, 6L seems to have a major effect on GY 
and was detected across generations and environments. Previous studies in maize have 
also reported major effects for GY on 6L (Edwards et al., 1992; Stuber et al., 1992). In 
contrast, Beavis et al. (1994) did not detect any GY QTL in this region with inbred progeny 
of a population derived from inbred lines 873 and Mo17. Although direct comparisons are 
complicated by different marker loci and QTL detection methods, it would seem that the 
significance of this QTL is limited to certain populations. 
For the yield components, 10 of the 32 QTL detected in the F2;3 generation were 
detected (based on overlapping SI) in the Fe;? with the same parental contributions. KWT 
had the most QTL detected in the mean environments of the F2;3 (10) and Fe ? (13) 
generations: however, only two QTL seem to be common across the generations. The 
KWT QTL with the largest effect in the F2 2 had the second largest effect in the Fs ; (5L. 
bnl10.06-bnl7.71). The QTL with the largest effect in the Fe:? (near bnl9.11 on 8S), 
however, was not detected in the F2:3. ENP, with the lowest h^ in both generations, had two 
QTL common to both generations. This included the QTL with the largest effect for both 
generations (3L, umc165-bnl3.18). The QTL on 3L was associated with H99 and explained 
27% (F2;3) and 17% (Fe;7) of the phenotypic variation and had nearly identical additive 
effects of 0.11 (F2;3) and 0.10 (Fe y). In the Fg;/, this QTL had the largest effect in both the 
stress and nonstress environments (Table 4), whereas it had the largest effect in the stress 
and second largest effect in the nonstress environments of the F2:3 generation (Veldboom 
and Lee, 1996a). Thus, the ENP QTL on 3L seems to be fairly stable across environments 
and generations. For EL. three QTL were common across generations (IS, 1L, 6L). On 6L 
(near npi280), the QTL with the largest effect in the F2:3 and fourth largest effect in the Fg 7 
were associated with H99; however, the EL QTL with the largest effect in the Fg;? on 3L was 
not detected in the F2:3. On IS, two EL QTL were detected in the F2:3 linked by 43 cM with 
the distal QTL being associated with H99 (smallest F2;3) and the proximal QTL being 
associated with l\/lo17 (second largest effect). In the Fg r, a QTL for EL from l\/lo17 was 
detected midway between the two QTL positions of the F2:3. The Fg:? QTL SI overlapped 
that of the distal F2:3 QTL by 2 cM. It is possible that this could represent a cross-over type 
QTL interaction. The LOD peak of the Fg y QTL, however, is actually closer to the LOD 
peak of the proximal F2:3 QTL of the same parental contribution (Mo17) and similar relative 
(second largest) effect. ED had the highest h^ values in both generations and the most 
common QTL locations with four. The QTL with the largest effects in the F2;3 (2L) and F6:7 
(7L) were among the four common ED QTL. 
Conclusions 
In addition to sampling variation of the population (Beavis, 1994), the perception of 
QTL numbers and effects can be greatly affected by environmental factors. Herein, only 
17% of the QTL detected among the stress and nonstress environments were detected in 
both environments for grain yield and yield components. In contrast, Veldboom and Lee 
(1996a) reported 50% of the Fa a QTL, for the same traits, were detected in both stress and 
nonstress environments. Herein, the stress environment was defined by precipitation 128% 
above the average and a 56% reduction in grain yield, whereas the F2;3 stress environment 
had precipitation 55% above the average and a 17% reduction in grain yield. The reduced 
consistency of QTL detection across environments in the FS T generation may be attributed 
to the more severe stress environment and the more highly inbred progeny. For 
morphological traits in this population, 35% of the Fg;? QTL were detected in both 
environments (Austin and Lee, 1997). The morphological traits had higher h^ values and 
were less affected by the stress conditions, which likely afforded the more consistent QTL 
detection. For grain yield and yield components, the results reported herein indicate that 
trait variation under stress conditions may be controlled by different sets of QTL, as 
suggested previously (Falconer, 1989). 
Herein, evidence of cross-over type QTL interactions was not observed for grain 
yield and yield components. Several maize QTL mapping studies conducted under stress 
and nonstress conditions have reported similar observations (Ribautet al., 1996; Beavis 
and Keim, 1996; Veldboom and Lee, 1996a, 1996b). QTL x environment interactions seem 
to be in the form of change in magnitude of effects. The mean environment provided the 
most complete representation of QTL controlling trait variation in this population. QTL 
detected in the mean environment included 32 of the 59 (54%) detected among the stress 
and nonstress environments. The increased precision afforded by the mean environment 
resulted in the detection of eight additional QTL not detected in either of the individual 
environments. 
Thirteen of the 40 GY and yield component QTL detected in the mean environment 
of the F2:3 generation were also detected in the mean environment of the Fg 7 generation. 
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For GY and ENP, the QTL with the largest effects were consistent across generations. In 
nearly all instances, the QTL with the largest effect in the mean environment of one 
generation were also detected in the mean environment of the other generation. Parental 
contributions were consistent across generations and environments. The relative 
magnitude of QTL effects across generations were not always consistent indicating 
possible environmental interactions because the progeny were evaluated in different years. 
The detection of QTL with consistent effects across generations and contrasting 
environments is promising for the application of marker-assisted selection. However, the 
prevalence of QTL which seem to be unique to their environments could limit the potential 
gains from marker-assisted selection. An effective breeding strategy may be to use the 
QTL with consistent effects in an early screening procedure. The selected genotypes 
should be adapted to diverse environmental conditions, and further field evaluations could 
be utilized to select for specific adaptability to the target environments. These conclusions 
are based on the evaluation of inbred progeny, and further evaluations are needed to 
determine if similar conclusions can be made for hybrid progeny. 
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Figure 1. RFLP and SSR linkage map for IV)o17 x H99 FQ 7 lines. Loci unique to the F2 3 generation(**) are placed based on the 
88 loci common to both generations. Loci unique to the Fe:? generation (*) are indicated. Loci positions are given in cM to the 
right of the linkage groups relative to the first locus (position 0.0). QTL one-LOD support intervals for the F2 3 and Fev mean 
environments are indicated by vertical bars, and the maximum LOD peak positions are indicated by open diamonds. The 





F6;7 KWT • 
F6:7 GY 
ii i ssl I si 2 sss 
CO -H-H w—MH 1 HH-












ii ii iiiiiiiiii ii ii 
H H 1H 111 11 I H-








iiiii iiii ii 













L I L R J J I '  I f  l i l l i  I  n  I 




'phl02l • i>n}5.49 • 
*phl074 • 
•phl07« • 
'phiosa • bnll5.4S 
"umc42 '' bl2 
npl292 . 
'bnnO.OS . 
: npUlO' i php1002S ' 
*phl07e • 
-p 000.0 























"bnlS.02 • umctOO • 
bnltO.QO . 




umcSl ' I *pht007 





• 027 3 
• 055.3 









103.0 110.5 : 112.5 
> 116.4 115.0 
- 120.3 
139.1 141.7 
rS rS rS rS IS U U 16 16 L& O 5 2J m CD 
•< f Z r O 
-J Tl 
1 











A s s 
^ ^ w 
o 0 m 
>  0 2 1 8  
• 020 5 
. 077.7 070.3 
102.3 105.8 107.0 
142.0 

































Figure 1. (continued) 
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Table 1. Means and variance components estimated for 185 Fe y lines of population Mo17xH99 in the stress (1993), 
nonstress (1994), and mean environments. 
Means 
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"*, " Significant at tlie 0.01 and 0.001 probability level, respectively. 
^Range values for 1993 do not include Rl line number 138 (yellow-striped, dwarf phenotype) for GY (0.00 Mg ha-1), ENP 
(0.07), and ear length (6.92 cm). The line was not evaluated in 1994, and 1993 values were excluded for all traits in QTL 
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Table 2. Heritability, QTL detected across environments, and percentage of genotypic 
variance explained by QTL in mean environment for 185 Fs;? lines of population 
Mo17xH99. 
Trait Heritability QTL detected % a*p % a-g 
h^ 90% C.I. Totalt 1993 1994 1993+1994$ Mean explained§ explained 
GY 0.39 (0.22-0.53) 8 4 3 1 5 27 68 
KWT 0.79 (0.73 - 0.83) 20 13 9 4 13 48 61 
ENP 0.19 (0.00 - 0.37) 10 4 6 2 4 27 144 
EL 0.60 (0.50 - 0.69) 16 6 8 0 10 40 67 
ED 0.80 (0.74 - 0.84) 13 9 7 3 8 49 61 
Totals: 67 36 33 10 40 
t Total number of QTL detected in 1993,1994, and mean environments. QTL with overlapping 
one-LOD support intervals were considered to be the same across environments. 
f Number of QTL detected in both the 1993 and 1994 environments based on overlapping one-
LOD support intervals. 
§Phenotypic (p) and genetic (g) variance explained by QTL detected in the mean environment. 
The maximum amount of trait variation attributed to genetic sources is limited by the trait h^, and 
%s^g is calculated as %s^p divided by h^, which exceeded 100% for ENP. 
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Table 3. Phenotypic (upper value) and genotypic (lower value) coaelations 
between grain yield and yield component traits of lines of population 
Mo17xH99 evaluated across 1993 and 1994. Phenotypic correlations between 
Fs 7 lines and their corresponding ^2:3 I'nes (evaluated across 1989 and 1990) are 
given along the diagonal. Standard errors of genotypic conrelations are given in 
parentheses. 
GY KWT ENP EL ED 
GY 0.26** 0.19* 0.43*** 0.59*** 0.54*** 
0.10(0.14) 0.47(0.26) 0.63(0.10) 0.60(0.09) 
KWT 0.39*** -0.14 0.16* 0.39*** 
-0.49(0.17) 0.16(0.11) 0.41(0.08) 
ENP 0.41*** 0.33*** -0.06 
0.92(0.04) -0.19(0.21) 
EL 0.40*** 0.13 
-0.04(0.11) 
ED 0.53*** 
Significant at the 0.05, 0.01, and 0.001 levels, respectively. 
Table 4. Additive effects, parental contribution, and location of grain yield and yield component QTL of 

























































t Loci defining region where grain yield and yield component QTL were identified. 
t Upper case letter Indicates the parental allele that increased the trait value (M = Mo17, H = H99). The lower 
case letter indicates the locus nearest the LOD peak with loci in a region referred to in alphabetical order. For 
each trait-region combination, QTL one-LOD support intervals overlap across environments unless noted. 
§ One-LOD support interval for the QTL in this environment does not overlap support intervals of QTL detected in 
this region in other environments. 
Table 4. (continued) 
Locit Additive effects 
Region (a-b-c-d-e-f-g-h) Env. GY KWT ENP EL ED 
2S umc53-umc78-bngl125- 1993 - - . . . 
umc34-phi083 1994 - 4.17H,a§ 0.07H,d 0.52H.d 
Mean - 2.01H,c - 0.37H.d 
2L npi565B-Agp2 1993 - 2,08M,b 
1994 - - - 0.39iVl,b 
iVIean - 2.81M,b - 0.33M,b 
2L phi127-umc4-bngl198 1993 - 2.10M,c - - 0.09i\/l,c 
1994 . - - . O.IOiVI.c 
Mean - . . . 0.08M,c 
3S umc121-bnl6.35 1993 -----
1994 
Mean - 2.16M,a 
3C phi029-umc175-umc18- 1993 - - - Q.37M,c 
umc26-umc165 1994 - - 0.08H,d - 0.08M,e 
Mean - - - 0.32M,a 0.04M,e 
3L umc165-bnl3.18- 1993 - 1.16H,d 0.05H,c 0.43H.a 
-isu1-sh2 1994 - - O.IOH.b 
Mean 0.15H,b - 0.10H,b 0.49H.a 
4S phi072-umc123- 1993 - 1.47H.C 
php20713-phi021 1994 - 2.41H,b 
Mean - 1.84H,b 




Env. GY KWT ENP EL ED 








































Env. GY KWT ENP EL ED 
6L bnl5.47-npi280-umc62 1993 0.09M,b 
1994 0.48M,b 
Mean 0.24M,b 


























































Table 4. (continued) 
Locit Additive effects 
Region (a-b-c-d-e-f-g-h) Env. GY KWT ENP EL ED 
10L phi084-npi303-phi062- 1993 . . . . 0.05M,b 
isu5-isu12 1994 - - 0.07H,d - 0.07M,d 
Mean . . . . 0.05M,b 
Table 5. Comparison of QTL detection for the mean environments in Fg 7 (1993 and 1994) and F23 (1989 and 1990) 




Posilion on chromosomet Nearest locus Max. LOD Additive effect§ 
Fer F 2 3 F67 F23 Fe? F 2 3 Far F 2 3 Fer F 2 3 
GY (Mg ha'^) 1 - 008-009-010 - bnl5.62 - 3.51 - 12,6 - 0,61M 
1 - 020-037-048 - umc157 - 2,95 - 9.3 - 0,69H 
1 - 076-078-085 - npi234 - 3.18 - 9.7 - 0,48M 
1 132-148-160 - npi429 - 3.14 - 7,4 - 0.20H -
1 - 233-238-249 - isu6 - 3,45 - 5.9 - 0,29M 
2 - 128-136-166 - isu117 - 2,60 - 8.1 - 0.38M 
3 138-146-154 116-139-146 bnl3.18 bnl3.18 2.26 2,87 4,3 7.7 0.15H 0,38H 
5 008-022-042 - umc72 - 2.36 - 3,7 - 0.14M -
6 130-142-152 118-126-140 npi280 npi280 6,20 12.29 12.9 30.7 0.24M 0,99M 
8 072-086-118 052-065-085 npi268 umc48 2.31 5,50 6.9 14.1 0,22M 0.53M 
Totalis 11.75 20,74 26.7 47.8 
KWT (g) 1 098-106-112 - isu61 . 3.62 _ 4,1 1.68H 
1 172-182-188 - npi236 - 3.09 - 4,7 - 1.86H -
1 - 193-213-230 - an2.6 - 3,80 - 7.2 - 2,54H 
1 268-274-274 - bnl6.32 - 3.86 - 5,1 - 1.94M -
2 038-042-062 - bngl125 - 2.00 - 5,2 - 2.01H -
2 084-090-092 - Agp2 - 3.58 - 10,5 - 2.81M -
t Posilion of maximum LOD peak (center number) flanked by one-LOD support interval in cM relative to the first locus on chromosome 
(Figure 1). Positions for Fa a QTL are adjusted relative to common loci mapped in the Fg.; generation. 
t Partial equals the percentage of phenotypic variation explained by a QTL keeping all other QTL effects fixed. 
§ Additive effects are followed by M(Mo17) or H(H99) to Indicate the parental allele contributing to the increased trait value. Values 
were calculated for each QTL keeping ail other QTL effects fixed. 
# Totals are the LOD score and the percentage of phenotypic variation explained by multiple model including all QTL delected for Ihe 
trait. 
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Position on chromosomet Nearest locus Max. LOD Additive effect§ 
67 2 3 ^6 7 23 F 6 7 2.3 6:7 2 3 ^6:7 2:3 
10 
Total 





















































































































































Table 5. (continued) 
Chrom-
Trait osome 
Position on chromosonnet Nearest locus Max. LOD R't Additive effect§ 
Fe? F 23 f"6 7 F 2 3 F67 F 2 3 Fe? F 2 3 Fe? F23 
7 070-090-108 107-109-110 bnl7.61 bnl8.37 3.08 2.36 9,2 6.2 0.10H 0.07H 
8 066-078-086 054-077-088 umc48 umc48 6.47 5.48 11.3 13.1 0.09M 0,10M 
9 010-018-032 - phi017 - 2.10 - 3.3 0.04M 
10 034-036-040 - npi303 - 4.11 - 6.9 0 05M 
Total 26.65 22.79 48.9 51.0 
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GENETIC MAPPING IN MAIZE WITH HYBRID PROGENY ACROSS TESTERS AND 
GENERATIONS: I. GRAIN YIELD AND GRAIN MOISTURE 
A paper submitted to Crop Science 
David F. Austin, Michael Lee*, and Lance R. Veidboom 
Abstract 
Most complex quantitative traits in maize (Zea mays L.), especially grain yield, display low 
correlations between the trait values observed in inbred and hybrid progeny. Comparisons 
of QTL controlling inbred per se and hybrid performance might reveal important biological 
clues to explain hybrid vigor. DNA markers were used to identify QTL for grain yield (GY) 
and grain moisture (GM) in hybrid progeny of F2:3 and Fsis lines from a Mo17xH99 
population. QTL for specific combining ability (SCA) effects were mapped within each tester 
population, and QTL for general combining ability (GCA) were mapped by using the trait 
values averaged across the three populations. The hybrid progeny from the two 
generations were evaluated at the same locations but in different years as per an eariy 
generation testing program. SCA QTL effects were not consistent in rank or detection 
across generations; however, parental contributions were consistent. GCA effects were 
more consistent across generations with most of the QTL with large effects being detected 
across generations. Overall consistency of QTL across testers was low, especially for GY. 
but parental contributions were consistent when QTL were detected in a region for more 
than one tester. The QTL for GY identified in this population for inbred and hybrid progeny 
show only partial con-espondence, indicating that marker-assisted selection programs would 
need to identify and incorporate QTL for both progeny types. 
Dep. of Agronomy, Iowa State Univ., Ames, lA 50011. Journal Paper No. J-17535 of the 
Iowa Agric. and Home Economics Exp. Stn. Project no. 3134. 'Corresponding author. 
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Introduction 
The majority of quantitative trait loci (QTL) mapping studies in maize have 
emphasized progeny types such as single plants or lines derived from selfing or 
backcrossing. Most traits in maize, especially grain yield, display low correlations between 
the trait values observed in inbred and hybrid progeny (Hallauer and Miranda, 1988). Thus, 
evaluating hybrid combinations of inbred lines, or combining ability, is the primary concern 
in maize breeding programs. QTL identified in inbred populations reflect within population 
additive and dominance effects, whereas QTL controlling hybrid performance reflect the 
interaction of population parental alleles with those of the tester. Although the low 
correlations observed between inbred and hybrid performance may indicate the importance 
of non-additive gene action for hybrid progeny, a model with only additive and dominance 
effects can also explain the empirical observations due to the masking effects of favorable 
dominant alleles in the tester (Smith, 1986). Lines with superior hybrid performance would 
be those with a high frequency of favorable alleles that are absent in the tester; however, 
these lines many not necessarily have a high frequency of favorable alleles for inbred per se 
performance. Therefore, QTL which have been identified on the basis of inbred per se 
evaluations may not be the same QTL controlling hybrid performance for a given set of 
testers. Comparisons of QTL controlling inbred per se and hybrid progeny performance 
might reveal important biological clues to explain hybrid vigor. 
Sprague and Tatum (1942) refined the concepts of general (GCA) and specific 
(SCA) combining ability, which have had a significant impact upon the procedures utilized 
for inbred line development and population improvement in maize (Hallauer and Miranda. 
1988). GCA has been defined as the average performance of a line in hybrid combinations 
across a series of testers and is presumably indicative of genes having largely additive 
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effects. SCA has been defined as the performance of lines in certain combinations relative 
to the other lines and has often been attributed to dominance deviations and epistatic 
interactions. If QTL associated with GCA effects could be identified, marker-assisted 
selection could be utilized to identify lines with favorable regions thus reducing the number 
of lines tested in expensive testcross evaluations. Inbreds having alleles with favorable 
GCA may also be chosen as parents of new populations. Identification of regions conferring 
SCA effects could further enhance selection of favorable hybrid combinations. Identification 
of loci for SCA effects may become practical in breeding programs in which inbred lines 
from defined reference populations are recycled and improved in the production of new 
hybrids. 
Recently, SCA effects have been mapped in several maize populations (Gocken, 
1993; Beavis et al., 1994; Schon et al., 1994; Veldboom, 1994; Ajmone-Marson et al., 1995; 
Lubberstedt et al., 1997). With one population of hybrid progeny, Beavis et al. (1994) 
identified QTL for grain yield and several morphological traits. Few QTL were common to 
those identified for the same traits in the inbred progeny (F2;4 lines) of the same population. 
With hybrid progeny from two testers, Schon et al. (1994) reported QTL for protein content, 
kernel weight, and plant height. Highly consistent QTL locations were observed across 
tester populations for kernel weight and plant height but not for protein content. In a 
comparison with QTL locations for inbred progeny from the same population, only one QTL 
for kernel weight and two QTL for protein content were common to the inbred and both 
hybrid populations. Similarly. Gocken (1993) reported that hybrid progeny from two testers 
displayed QTL in common with each other more often than with inbred progeny from the 
same population. Ajmone-Marsan et al. (1995) evaluated grain yield, dry matter content, 
and test weight in two divergent populations of hybrid progeny and reported that QTL 
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exhibited by one population were not necessarily detected with the second population, but 
QTL with larger effects were consistent across populations. Lubberstedt et al. (1997) 
reported that consistency of QTL was trait dependent with consistent detection across tester 
populations for dry matter content and plant height but not for dry matter yield. These 
empirical studies seem to indicate that QTL controlling inbred performance, in general, are 
not greatly related to those controlling hybrid performance. In addition, consistency of QTL 
regions for SCA effects across hybrid populations seems to be trait dependent and varies 
with the relationship of the testers. 
In the present study, F2:2 and F6:8 progeny derived from a single-cross population of 
lines Mo17 and H99 were crossed to three inbred testers to create three populations of 
hybrid progeny for each generation. Similar to an eariy generation breeding program, the 
hybrid progeny from the two generations were evaluated for grain yield and grain moisture 
at the same locations but in different years. The first objective was to compare performance 
and QTL detection across hybrid progeny of early (F2;3) and late (Fsis) generations. The 
second objective was to compare the detection of SCA effects across the three hybrid 
populations and their relation to GCA effects for grain yield and grain moisture. Grain yield 
QTL for SCA and GCA were also compared to QTL from F2:3 and Fe y per se evaluations of 
inbred progeny from the same population. 
Materials and Methods 
Population and progeny development 
The single-cross population was developed from the adapted and widely utilized 
U.S. Corn Belt maize inbreds Mo17 and H99, both classified as members of the Lancaster 
Sure Crop (LSC) heterotic group based on pedigree and RFLP data (Melchinger et al.. 
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1991). One hundred and ninety-four unselected F2;3 lines were developed from the 
population (Veldboom. 1994). Due to limited seed supplies, 150 of the F2 2 lines were sib-
mated by using ten plants and pollinating the ear shoot of one plant with the pollen from the 
next plant. Equal quantities of sib-mated seed were bulked from each plant within a line. 
From the same population. 186 unselected Fe r lines were produced by single-seed 
descent, 147 of which are descendants of the F2;3 lines (Austin and Lee, 1997a). Ten 
plants per Fg:? line were self-pollinated, and equal quantities of Fe a seed per plant were 
bulked. 
For both the and Fg a generation inbred populations, crosses were made to three 
inbred testers, B91. A632, and B73. B91 is derived from Iowa Com Borer Synthetic #1 
(BSCBI), which has some progenitor LSC lines and is considered unrelated by pedigree to 
Reid Yellow Dent and certainly unrelated to the other two testers. B91 was released in 
1989 and has a maturity classification of AES800 (Russell, 1989). B73 and A632 are 
classified Reid Yellow Dent inbreds (Gerdes et al., 1993). A632. released in 1964, was 
derived through three backcross generations with selection for earliness with 814, a stiff-
stalk inbred, as the recurrent parent. A632 has a maturity classification of AES600. B73 is 
also a stiff-stalk inbred (released in 1972) with a maturity classification of AES800 (Russell, 
1972). B14 and B73 were both derived from the same synthetic; however, they are distinct 
and exhibit a high level of genetic dissimilarity for elite stiff-stalk germplasm (Melchinger et 
al., 1991). Both A632 and B73 were widely used in commercial hybrids with Mo17 and H99 
(Zuberand Darrah. 1980). 
At Ames in 1991, F2:3 hybrid progeny were produced (Veldboom. 1994). The 194 
F2 3 lines were grown in paired rows with each tester. Ten plants per line were crossed to 
the tester with the seed produced on the F2;3 lines for B91 and A632. Due to maturity 
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differences, B73 was used as tine female parent with each plant being used only once 
as a pollen source. For each line by tester combination, the ears were hand han/ested and 
individually shelled. Equal amounts of seed from each ear were bulked to provide the 
hybrid seed for field evaluations. Similarly, the 186 F6;8 lines were grown in paired rows with 
each tester at Ames in 1994. Ten pollinations were made within each pair using the tester 
as the seed parent, with each Fe;8 plant being used once as a pollen source whenever 
possible. In the few instances where timing of flowering did not allow sufficient pollinations 
with the tester as the seed parent, the tester was used as the pollinator. For each line by 
tester combination, the ears from the paired rows were harvested and shelled in bulk to 
provide hybrid seed for performance trials. The parents, Mo17 and H99, were also crossed 
to each tester in 1991 and 1994 to produce Fi hybrids to include as checks. 
Field evaluations 
The F2;3 hybrid populations were evaluated at four locations in Iowa in 1992 and 
1993 (Veldboom, 1994). These included three northern (Calumet, 01; Kanawha, 02: 
Nashua. 10) and one central (Ames, 05) locations. The F6:8 hybrid populations were 
evaluated at the same locations in different years (1995 and 1996). Each hybrid population 
was treated as a separate experiment, and the same experimental design (14x14 lattice, 2 
replications) was utilized for each tester-location-year combination. At each location, the 
three experiments were evaluated in adjacent plots. For the Fz.z generation, entries 
consisted of hybrid progeny of the 194 lines and single entries for Mo17 and H99, whereas 
the Fe s entries consisted of the 186 lines and five entries each of Mo17 and H99 in each 
replication. The entries were machine-planted in two-row plots which were 5.5 m long with 
0.76 m spacing between rows. Planting densities were 76,500 kernels ha'^ for the Fj s and 
86.100 kernels ha'^ for the Fe g. For both generations, plots were thinned to 62.000 plants 
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ha'^ at the 6-8 leaf stage. Grain yield (GY) and grain moisture (GM) for machine-harvested 
plots were recorded at all locations. Grain moisture (g kg"^) was electronically measured 
from each plot sample on the harvesting machine. Total grain yield of each plot was 
conrected to 155 g kg*^ moisture and converted to Mg ha'V 
ONA marker assays 
DNA isolation, Southern hybridization, and RFLP assay procedures have been 
described (Veldboom et al.. 1994). The F2-2 linkage map was developed using RFLP data 
for 303 lines including the 194 lines used for hybrid progeny evaluations (Veldboom, 1994). 
Marker data was utilized from the additional lines to provide more accurate linkage map 
order and distances. One hundred and six RFLP loci and one morphological locus, PI, 
provided a linkage map spanning 1413 cM with an average interval length of 15 cM. Of the 
107 RFLP loci included, 69 (64%) were scored across all 303 lines. Thirty-seven loci were 
scored only for a group of 153 lines (including 150 used in hybrid evaluations). The interval 
between bt2 and npi292 on chromosome 4 could not be statistically linked. The two linkage 
groups corresponding to chromosome 4 were combined at these loci on the basis of 
previously published maps (Coe et al., 1990). After the map was created, the locus 
isu136B was found to be linked in this region and provided more evidence that the original 
linkage order was correct. The RFLP, however, was scored only on the second group of 
150 lines of which only 44 were included in hybrid evaluations. 
The Fsrs linkage map has been previously described (Austin and Lee, 1997a; 
available electronically on Maize DB website, www.agron.missouri.edu), and consists of one 
morphological (PI), 100 RFLP, and 41 SSR (Senior et al., 1996) loci. Marker data were 
collected for 185 of the 186 Fe s lines used for the hybrid evaluations. The Fe s linkage map 
covers 1601 cM with an average distance between adjacent loci of 12 cM (Figure 1). 
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Centromeres were placed approximately based on previous maps (Coe et al.. 1990; 
Veldboom et al., 1994; Coe et al., 1995; Matz et al., 1995). On the basis of centromere 
placement, chromosomal regions will be refen-ed to herein as a number (1-10) followed by L 
(long arm), S (short arm), or C (region including the centromere). 
Eighty-six RFLP loci and one morphological marker (P1) are common between the 
F2:3 and Fg a linkage maps. Locus order is identical except for a pair of loci on 9L (npi209-
bnl14.28) which are linked by 2 cM in the F6:8 map. The two loci are in the opposite order in 
the maps for the two generations. Nineteen of the loci mapped in the F2;3 were not mapped 
in the F6:8. These loci are placed on the map in Figure 1 based on relative position to the 87 
common loci. The distal region of 7S is extended by two loci (isu86 and isu145A) in the F2 2 
that were not mapped in the F6:8- The remaining 17 RFLP loci were not mapped in the Fs a 
generation due to their close proximity to other loci. 
Trait data analysis 
The F2:3 and Fgis hybrid populations were evaluated separately using the same 
procedures. Adjusted entry means for each year-location-experiment combination were 
obtained by correcting for incomplete block effects according to Cochran and Cox (1957). A 
combined analysis of variance was conducted separately for each tester, and estimates of 
genetic (c^g) and genotypic by environment (c^ge ) variance components were obtained. 
The experimental design allowed the experiments to be combined across testers and 
analyzed as a modified Design II mating design (Comstock and Robinson. 1948) with the 
three inbred testers considered as the males and the 194 F2:3 (186 Fg g) lines as the 
females. This design allowed for estimates of variance components associated with 
general (GCA) and specific (SCA) combining ability. Variance components and their 
standard errors were estimated for GCA (a^g), SCA (c^gt). GCA x environment (c^ge ). and 
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SCA X environment (a\te ) according to Hallauer and Miranda (1988). Heritabilities were 
calculated on an entry mean basis (Hallauer and Miranda, 1988) for each tester and across 
testers, and exact 90% confidence intervals were calculated according to Knapp et al. 
(1985). Within each generation, simple phenotypic correlations were calculated among the 
testers for each trait using mean perfonmance across environments. Simple phenotypic 
correlations were also calculated between the f2 2 and Fe a generations for each tester using 
mean values for the 147 lines of common descent. 
QTL detection 
Assessments of QTL for SCA effects were made separately for each tester by using 
the mean performance across environments for the F2;3 and Fg a generations. QTL for GCA 
were detected by using mean performance across all testers and environments. To 
evaluate consistency of GY QTL detection for SCA and GCA across environments, QTL for 
SCA and GCA were determined in the Fejg separately for each environment. QTL were 
identified by composite interval mapping (Jansen and Stam, 1994; Zeng, 1994). All 
computations for this method were performed with the software package PLABQTL (Utz 
and Melchinger, 1996) which employs interval mapping by the regression approach (Haley 
and Knott, 1992) with selected markers as cofactors. The underlying model for hybrid 
progeny (Lubberstedt et a!.. 1997) for a given tester (SCA) or mean across testers (GCA) 
can be written as: 
Yj = upi + a, x'j, + ZK bi, Xji, + ej., 
where is the phenotypic mean of the hybrid progeny of line y; up^ is the mean phenotypic 
value of hybrid progeny with the PI allele at the putative QTL; ai is the average effect of 
substituting a PI allele with a P2 at the QTL in the marker interval (/, /+1); is the 
conditional expectation of the dummy variable 0, given the observed genotypes at the 
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flanking marker loci, where 9; assumes values 0, 0.5, or 1 if the genotype at the putative 
QTL is QQ, Qq, or qq, respectively; bif is the partial regression coefficient of phenotype yj on 
the (selected) marker; is a dummy variable (cofactor) assuming values of 0, 0.5, or 1 
if the genotype of line /at locus k is homozygous PI, heterozygous, or homozygous P2, 
respectively; and e, is the residual error. Cofactors were selected by stepwise regression, 
and the final selection was for the model that minimized Akaike's information criterion with 
penalty=3.0 (Jansen, 1993). To enable comparisons across testers and generations, a 
LOD threshold of 2.0 was selected for QTL detection. Using the chi-square approximation 
suggested by Zeng (1994), this corresponds to a comparisonwise type I error rate of 
P<0.01 based on the number of intervals being tested in the F6:8 hybrid evaluations (Utz and 
Melchinger, 1996). For each QTL, a one-LOD support interval was constructed as 
described by Lander and Botstein (1989). On a chromosome, QTL with non-overlapping 
one-LOD support intervals (SI) were considered as different regions. To allow comparison 
of QTL positions across generations, F2;3 hybrid population QTL positions were adjusted to 
correspond to the Fe;8 linkage map (Figure 1) based on relative position to the 87 RFLP loci 
common to the linkage maps constructed in both generations. 
Estimates of the percentage of phenotypic variance explained by individual QTL 
were obtained by the square of the partial con-elation coefficient between the respective 
QTL and the phenotypic observations, keeping all other QTL effects fixed. Estimates of the 
single QTL effects as well as the total LOD score and phenotypic variation explained by all 
QTL were obtained by simultaneously fitting a model including all QTL detected for the trait 
by tester combination (Utz and Melchinger, 1996). 
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Environmental conditions 
Precipitation and GDD accumulation values at Ames, Iowa for the growing seasons 
(May-September) of the Fa s (1992 and 1993) and Fsts (1995 and 1996) hybrid evaluations 
are presented in Table 1. The major difference between 1992 and 1993 was the amount of 
precipitation, with the 1993 growing season being the wettest on record (128% above 
average). Maize production in Iowa in 1992 was at record levels (second highest average), 
whereas the average GY in 1993 was the lowest since 1974 (National Agricultural Statistics 
Service). This trend was reflected in the means of the F2:3 hybrid populations in those 
years. Average GY over testers and environments was 8.74 Mg ha'^ in 1992 and 4.96 Mg 
ha'^ in 1993. Although GY of the F2 2 hybrid progeny was 43% lower in 1993, significant 
genetic variation was observed within each of the three hybrid populations (data not shown). 
Therefore, data from 1993 was included in the analyses. 
The 1995 growing season at Ames, Iowa was characterized by below-average 
precipitation (10%) and near-average GDD accumulation, whereas 1996 had above-
average precipitation (19%) and below-average GDD accumulation (7%; Table 1). Maize 
production in Iowa was good in 1995 and 1996, and state GY averages were the 10th and 
5th best on record (National Agricultural Statistics Service). F6:8 hybrid progeny average 
GY across tester populations and environments in 1996 was 7.60 Mg ha'\ and the 1995 
average GY was slightly lower at 7.07 Mg ha"\ Previous studies in this population with 
inbred progeny at the Fa a (Veldboom and Lee, 1996a: Veldboom and Lee, 1996b) and Fs ? 
(Austin and Lee, 1997a; Austin and Lee, 1997b) generations have shown the mean 
environment to be the most representative of QTL with consistent effects across 
environments. Therefore, mean performance across environments within the F2 2 and Fe s 
generations was utilized to compare consistency of SCA and GCA QTL across generations. 
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Results and Discussion 
Analysis of trait data 
The means for the lines are shown for each hybrid population and for the mean 
across populations (GCA) in Table 2. In both generations, the combined analyses of 
variance (data not shown) did not detect significant differences among tester means for GY. 
Highly significant (P<0.001) differences were observed among populations for GM in both 
generations with B73 having the greatest values followed by B91 and A632, respectively. 
For each tester population, the F2;3 progeny had lower means for GY and GM than the Fg a 
(Table 2). The majority (147) of the 186 F6:8 lines were derived from the F2.3 lines. 
Assuming no forces other than natural selection during the development of the Feis lines, no 
change in average gene frequency would be expected in the two sets of lines (Hallauer and 
Lopez-Perez, 1979). Previous evaluations of the RFLP data for the F2;3 (Veldboom et al., 
1994) and Fg;? (Austin and Lee, 1996a) generations revealed distribution of marker classes 
within expectations and average parental allele frequencies near 50% indicating no 
evidence of unintentional selection. Thus, differences in mean performance of the F2;3 and 
Fe s hybrid progeny are likely the result of environmental factors as two generations were 
evaluated in different years. 
Heritability (h^) values for GY for the three hybrid populations ranged from 0.61-0.73 
for the F2:3 and 0.67-0.77 for the Fgrs generations (Table 2). As expected with the increased 
genetic replication (across testers), h^ values were higher for GCA than any of the single 
testers for both generations (F2:3, 0.77; F6:8, 0.82). Heritability values for GM for the three 
populations were 0.84-0.89 for the F2:3 and 0.88-0.92 for the F6:8- GM h^ values were also 
higher for GCA in both generations (F2:3, 0.92; F6:8, 0.95). The slightly higher h^ values 
observed for the Fe a are not surprising since the Fs a lines and their hybrid progeny should 
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be more homogeneous with less opportunities for segregation and sampling variation. 
Additionally, the stressful conditions such as those observed in the 1993 environment often 
result in lower h^ values (Austin and Lee, 1997b; Veldboom and Lee, 1996a). Overall, the 
relatively high h^ values should enhance detection of QTL associated with larger portions of 
the genetic variance (Lande and Thompson, 1990). 
Significant genetic and genotype x environment variance components were 
observed in both generations for all three tester populations for GY and GM (Table 3). In 
the combined analyses across tester populations, estimates of c^g and G^g, represent GCA 
and SCA effects, respectively. Within the F2:3, estimates of c^g were 1.2 and 2.8 times 
greater than a^gt for GY and GM respectively. Within the F6:8 generation, a^g estimates 
were 1.9 and 2.9 times greater than a^g,, respectively. Therefore, additive effects (GCA) 
seem more important than non-additive effects (SCA) in causing differences among hybrid 
progeny within both generations. In agreement with these results, additive genetic variance 
is usually much greater than dominance variance for temperate maize populations (Hallauer 
and Miranda, 1988). This would indicate that greater progress would be made by selecting 
for GCA, or additive gene effects, than would be made in selecting for SCA effects. 
Assuming no dominance effects or gene frequency of 0.5, GCA variation among Fe s 'ines 
should be approximately double that among F2:3 lines (Hallauer and Miranda, 1988). In 
agreement with theoretical expectations, Fg s estimates of a^g were 3.4 and 1.3 times 
greater than those of the F2:3 for GY and GM, respectively. These observations are similar 
to those of Hallauer and Lopez-Perez (1979) where Sa testcross cr^g estimates were 2.6 
greater for GY and 1.6 times greater for GM than estimates from the Si generation. 
For GY. hybrid progeny had low (rp=0.28-0.59) phenotypic correlations between any 
two tester populations (Table 4). There were medium correlations among tester populations 
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for GM in the ^ (rp=0.60-0.67) and Fgrs (rp=0.66-0.76) generations. Contrary to GY, the 
two stiff-stalk tester (B73 and A632) had the highest correlations among testers for both 
generations. For both traits and generations, performance within a tester had a high 
correlation with the average of the testers. Alternatively stated, SCA effects of a tester had 
a low correlation with SCA effects of another tester but had a high correlation with the GCA 
effects. 
For GY, the con-elations for the three tester populations across generations ranged 
from 0.24 to 0.29 (Table 4). GCA, which seemed more important than SCA for differences 
among the hybrid progeny based on variance components, also had a higher correlation 
between generations (rp=0.36). Phenotypic correlations between generations were higher 
for GM for the three tester populations (rp=0.56-0.66) and GCA (rp =0.66). Low correlations 
between combining ability at early and late generations of inbreeding would not be desirable 
for selecting superior lines to continue in a breeding program. Relations between F2:3 and 
Fg s GY GCA for 147 lines of common descent are illustrated in Figure 2. Despite the fairly 
low correlation (rp=0.36), the highest yielding Fz.z lines were generally above average for 
Fg s GY. Of the 147 pairs. 87 (59%) were properly predicted as above or below average in 
the Fe s based on Fz-.z performance. These results are in agreement with those of Hallauer 
and Lopez-Perez (1979) who observed 31 of 50 (62%) lines properly assigned based on 
average performance across five testers at Si and 83 generations. In that study, the Si and 
Sa were both grown in the same environments which would be expected to remove any 
confounding environmental effects. The results reported herein are impressive considering 
that the two generations were evaluated at the same locations but in different years as per 
eady-generation testing breeding programs. Some lines displayed consistently high 
performance across both generations. Three of the lines with the highest GCA in the Fg s 
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were among the top ten in F2;3 performance. Line 66, for example, had the second highest 
GY in both generations with 8.16 Mg ha'^ in the Fgra and 7.32 Mg ha"^ in the F2;3. As 
expected, the relationship was not perfect. Line 93, for example, had the best GY in the F2;3 
(7.53 Mg ha'^) but had the 98th highest GY in the F6;8 (7.20 Mg ha'^). In agreement with 
the objectives of early-generation testing, the relationship should be sufficient to allow the 
identification of lines with low performance at the early generation (Hallauer and Miranda, 
1988). Thus, greater emphasis can be placed on lines with above-average combining 
ability. 
The relationship between trait values for inbred lines per se and their hybrid progeny 
has been extensively studied since the initiation of hybrid maize production. Correlations 
between inbred per se and hybrid perfomriance from six of the studies were summarized by 
Hallauer and Miranda (1988). The average correlation across studies was 0.22 for GY. 
Herein, significant (P<0.05) phenotypic congelations between inbred progeny and hybrid 
GCA values for GY were observed for the F2:3 (rp=0.20) and F6:8 (rp=0.19) generations. 
Although these correlations are too low to use inbred per se performance to predict GY in 
hybrids, some lines displayed consistent GY across per se and hybrid evaluations. Line 66. 
which had the second highest GY for GCA in both the F2;3 and F0:8 generations, also had 
the fourth highest F2;3 inbred per se value (6.57 Mg ha'^) and the second highest Fg 7 inbred 
per se value (4.00 Mg ha"'). Similarly, line 19 had the fifth highest F2:3 GCA value (7.22 Mg 
ha'^), the third highest Fg a GCA value (8.14 Mg ha'^), the third highest F2:3 inbred per se 
value (6.59 Mg ha'^), and the fifth highest Fej inbred per se value (3.55 Mg ha"^). Although 
the ultimate goal of breeding programs is the development of highly productive hybrids, the 
lines themselves must be vigorous and productive for seed production. Improvements in 
the performance of inbred progeny has been an integral component of the increases 
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observed in maize yields since widespread utilization of single-cross hybrids (Russell. 
1991). Despite the poor correlations observed herein between inbred and hybrid 
performance, lines are present in the population which display high performance across 
both progeny types. 
Detection of GY QTL with Fsjg hybrid populations across environments 
Twenty-seven GY QTL were identified for GCA in at least one environment with 
hybrid progeny of the F6:8 lines (Table 5; Figure 1). For SCA effects, 25-28 QTL were 
detected in at least one environment for the three tester populations. The number of QTL 
detected in an individual tester population-environment combination varied greatly. Thirteen 
QTL explaining 51% of the phenotypic variation were detected for GCA in 1996 at Ames. In 
contrast, no QTL were identified for A632 at Nashua in 1996. 
Environment seems to be an important confounding factor in the detection of QTL 
for complex traits such as grain yield. Fourteen of the 27 (52%) QTL for GCA were 
identified only in a single environment. Similar results were observed for B91 (18, 69%), 
A632 (14, 56%), and B73 (15. 45%). The results herein are in contrast to observations in 
previous hybrid progeny studies that reported fairly consistent QTL detection across 
environments (Schon et al., 1994; Ajmone-Marson et al., 1996). In evaluations of inbred 
progeny from this population in stress and nonstress environments for grain yield and yield 
components, 50% (Veldboom and Lee, 1996a) and 83% (Austin and Lee, 1997b) of QTL 
were identified in only one of the two environments within each study. Despite the more 
normal environmental conditions and sampling of more environments, 56% (averaged over 
the three testers and GCA) of the QTL for GY were detected in a single environment. The 
possibility of sampling variation, however, cannot be refuted, and such differences could be 
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due to the fact that the QTL detected in a given environment may be a subset of the total for 
the trait and population (Beavis, 1994). 
As expected, QTL detected in only a few environments were less likely to be 
detected in the mean environment than those associated with variation in several 
environments. Summing over ail three populations and GCA. 61 instances occurred where 
QTL were detected in a single environment. Only 11(18%) of these were detected in their 
respective mean environments. When a QTL was detected in two environments (21 
Instances), it was detected 29% of the time in the mean environment. For QTL detected in 
three (8 instances) or four (11 instances) environments, the frequency of the QTL being 
identified in the mean environment increased to 50% and 73%, respectively. Four instances 
occurred where QTL were identified in five to seven environments, and these QTL were all 
detected in their respective mean environments. 
QTL detected in several environments for one tester were also likely to be detected 
in multiple environments for at least one other tester and GCA. On 5L (near bnl10.12-
bnl5.40), QTL were detected for GCA (mean and 7 environments), B91 (1 environment), 
A632 (mean and 6 environments), and 873 (mean and 4 environments). The QTL in the 
mean environments had the third largest effect for GCA, second largest effect for A632, and 
the second largest effect for 873 (Table 7). On 3L (near isu1-sh2), QTL associated with 
H99 were detected for GCA (mean and 4 environments), 891 (mean and 5 environments), 
and 873 (mean and 4 environments). A QTL for A632 was detected in this region for only 
one environment (1996-Calumet), but it had the largest effect. The QTL in the mean 
environments had the largest effects for GCA and 873 and the second largest effect for 
891. 
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The vast majority of QTL detected across multiple environments had consistent 
parental contributions. One notable exception was the QTL for the B91 population on 3L. 
This QTL had the second largest effect for the B91 mean environment and was detected in 
five environments with the same parental contribution (H99). A QTL with the largest SCA 
effect for the B91 population in the 1995-Calumet environment was detected in this region, 
but it was associated with Mo17. This could represent a cross-over type QTL x 
environment interaction; however, the possibility of two QTL linked in repulsion cannot be 
refuted. Other evidence of crossover type interactions can be observed for GCA (1L, 2L, 
5S, 6L), 891 (1L), and 873 (1C, 4L, 7L). In nearly ail of these examples, the QTL were 
detected in two environments, one associated with each parental allele, and none of the 
QTL involved are those with the largest effects for their environment. 
QTL with the largest effects for each tester and GCA within individual environments 
were neariy always detected in the mean environment (data not shown). For GCA, QTL 
with the largest effects in each of the eight environments were also detected in the mean 
environment. For GCA, QTL with the largest effect in one environment were always 
detected in at least two other environments. For the three tester populations, QTL detected 
in their mean environments included those with the largest effects in 6 (891 and A632) and 
5 (B73) of the individual environments. These results are in agreement with previous reports 
in this population with inbred progeny of the F2:3 (Veldboom and Lee, 1996a; 1996b) and 
Fe:7 generations (Austin and Lee, 1997a; 1997b), which concluded that the QTL detected in 
the mean environment include those with large and or/consistent effects across individual 
environments. 
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Comparison of QTL detection in Fazs and Fe;8 generations 
Table 6 presents a comparison of the number of QTL detected in the mean 
environments for the F2:3 (1992 and 1993) and Fsrs (1995 and 1996) hybrid progeny 
evaluations. The Fe:8 generation should be more efficient and powerful for QTL detection 
because of increased homozygosity, homogeneity of Rl progeny, and increased 
recombination for separation of linked QTL (for review see Austin and Lee, 1996a). The 
majority of the F6;8 lines are direct descendants of the F2;3 lines, and any differences in QTL 
detection are likely due to the greater precision of R! lines, additional marker loci in the Fe s 
linkage map, environmental effects, or sampling variation. 
For GY, more QTL were detected in the Fg.g generation for A632, B73. and GCA, 
whereas the same number were detected in both generations for B91 (Table 6). Only one 
QTL each for B73 and B91 and three for A632 were common across generations, in 
agreement with the correlations between the two generations (Table 4) with A632 having 
highest correlation (rp=0.29). For all three testers, the QTL which were common across 
generations were not those with the largest effects within each generation (Table 7). For 
B91. the common QTL on 8S (bnl9.11-umc103), had the fourth and seventh largest effects 
for the Feig and F2;3 generations. For B73, the common QTL region on 1L (npi236-phi039) 
had the sixth and second largest effects for the Fgrs and F2;3 generations. The three 
common regions for A632 were 3S (bnl8.15-umc121), 5L (bngl278-umc51). and 6L (phi124-
umc21), and included two of the five F6;8 QTL with the largest effects and three of the five 
F2:3 QTL with the largest effects. 
GCA, with the highest correlation between generations for GY (rp=0.36). also had 
the greatest number of common QTL (4). The common GCA QTL included the four Fe s 
QTL with the largest effects and three of the four F2:3 QTL with the largest effects. Contrary 
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to the SCA results, the QTL with the largest GCA effects in the two generations were in the 
same region (3L, npi212-sh2) in the F6;8 and F2;3 generations. The three additional common 
QTL for GCA were on 5L (bnl5.40-umc51), 7L (bnl7.61-isu11), and 8S (bnl9.11-umc103). In 
all instances of common SCA or GCA QTL across generations, the parental contributions 
were the same. 
More SCA QTL (6-8) were common across generations for GM than for GY, in 
agreement with the correlations between generations for the two traits (GM, rp=0.56-0.66: 
GY, rp=0.24-0.29). For B91, the QTL with the largest effect in the Fgrs (3L, umc18-umc26) 
was also detected in the F2:3 with the tenth largest effect. Likewise, the QTL with the largest 
effect in the F2;3 (7S, phi057) was also detected in the Fgis with the fourth largest effect. 
The B91 QTL common to both generations included four of the five largest effects for the 
Fe s and three of the five largest effects for the F2:3. For A632, the QTL with the largest 
effect in the Fsis (5L, bnl10.12) was not detected in the F2:3. The QTL with the largest effect 
in the F2;3 (7S, isu145A-bnl15.40) was also detected in the Fg s with the sixth largest effect. 
The A632 QTL common to both generations included two of the five and three of five of the 
largest QTL effect for the Fs a and F2;3, respectively. The F6;8 QTL with the largest effect for 
873 (7L, bnl8.39-bnl8.44A) was also detected in the F2:3 with the seventh largest effect, 
whereas the QTL with the largest effect in the F2;3 (1C, npi429) was not detected in the Fs a-
The 873 QTL common to both generations did include four of the five and three of five of 
the largest effects for the Fe s and F2:3 respectively. 
Like GY, GM had more common QTL for GCA (10) than for any of the individual 
tester populations. The Fg 3 QTL with the largest GCA effect (5L, bt1-bnl10.12) was also 
detected in the F2:3 but had the ninth largest effect, whereas the F2:3 QTL with the largest 
effect (1C, PI) was not detected in the Fe s- Similar to GY. most of the QTL with larger 
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effects were detected in botfi generations. Eight of ten (F6;8) and seven of ten (F2:3) of the 
QTL with the largest effects within each generations for GCA were detected in both 
generations. Although differences occurred in the relative ranking of common SCA and 
GC.A QTL effects for GM across generations, the parental contributions were always 
consistent. 
The total number of GY QTL detected in at least one of the generations ranged from 
10-12 for SCA effects (Table 6). Twelve QTL were associated with GCA, four of which 
were detected in both generations. In contrast, only 1-3 QTL were common to both 
generations for the SCA effects. Compared to GY, more GM QTL were detected in at least 
one generation for SCA (19-21) and GCA (20) effects. Ten of the GCA QTL were detected 
in both generations, whereas 6-8 of the QTL for individual tester populations were common 
across generations. The greater correspondence in QTL detection for GM than GY is in 
agreement with the phenotypic correlations across generations for the two traits (Table 4). 
Comparison of GCA and SCA QTL and their effects 
For GY, 24 QTL were identified with SCA and/or GCA effects in at least one 
generation (Table 7). Of the 24 GY QTL, 14 (58%) were associated with SCA effects for a 
single tester. Most (12) of these SCA QTL were detected in one generation only, and only 
five were also detected for GCA. For GM, 34 QTL controlling GCA and/or SCA effects were 
identified (Table 8). Like GY, 16 of the 34 (47%) GM QTL were associated with SCA 
effects for a single tester. Nearly ail (14) of the QTL were detected for one generation only, 
and only two were also detected for GCA. The parental (Mo17 and H99) alleles at QTL 
associated with SCA for a single tester presumably have specific dominance interactions 
with the respective testers that do not occur with the other tester loci. 
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Ten GY QTL were associated with SCA effects for more than one tester (either 
generation), and eight of these were also associated with GCA for at least one generation 
(Table 7). One region (3L. npi212-isu1-sh2) contained QTL for GCA and all three testers. 
The QTL in this region had the largest GCA effect in both generations, but detection of SCA 
effects was completely different in the two generations. QTL with the second largest SCA 
effects for B91 and the largest for B73 were detected in this region in the F6:8, but were not 
detected for these two testers in the F2;3. Similarly, the QTL with the largest F2 3 SCA effect 
for A632 was detected in this region, but not in the Fe s- This QTL appears to be important 
for GY for GCA and SCA effects; however, the magnitude of the SCA effects is not 
consistent across generations. One region, 7L (phi077-PI1), had an Feis SCA QTL for A632 
with H99 conferring the positive effect, whereas an F2;3 QTL for B91 was detected in this 
region associated with Mo17. This may indicate a differential interaction of the parental 
alleles with the alleles for the two testers at this QTL; however, this is the only QTL that 
displayed different parental contributions at QTL for different testers. 
For GM, fourteen QTL were associated with SCA effects for more than one tester 
(either generation), and all but one were associated with GCA in at least one generation 
(Table 8). In contrast to GY, eight regions (IC, 1L, 2L, 4L, 5L, 7S, 7L, 10L) contained QTL 
for GCA and all three testers. The region on 7S (isu145A-phi053-bnl15.40) had a major 
effect on GM for all tester-generation combinations with the second and third largest GCA 
effects for the F2;3 and Fg s. respectively. The region also had QTL with the largest F2:3 SCA 
effects for 891 and A632, and QTL effects were among the six largest for each of the other 
SCA X generation combinations. The region on 1L (npi236-phi039-umc37-an2.6) was also 
detected for all SCA x generation combinations, but the effects were not among the three 
largest for SCA or GCA in either generation. 
120 
Several trends were apparent for the SCA effects across tester populations for GY 
and GM. First, only one (GY, 7L) apparent cross-overtype interaction of the parental 
alleles with the testers alleles was observed. Interaction of QTL effects among tester 
populations were in the form of changes in magnitude of substitution effects. Another 
similarity is that both Mol? and H99 contributed positive effects with each tester and GCA 
for both traits. This was not surprising since both inbreds were widely used in commercial 
hybrids (Zuber and Darrah. 1980). QTL with the largest SCA and GCA effects for GY in 
both generations were associated with H99. Similariy, the QTL with the largest effects for 
GM were contributed by H99 except for F6:8 GCA (5L) and A632 SCA (6L) effects which 
were contributed by Mol 7. A clear relationship of the number of common SCA QTL was 
not observed across testers for either trait. For GY, B73 and A632 (both stiff-stalk) shared 
three QTL regions. However, A632 and B73 shared four and three regions, respectively, 
with the unrelated tester, B91. 873 and A632 did have greater phenotypic correlations for 
GM than other pairs of testers, and the results were more favorable for GM with ten QTL 
common between 873 and A632. The number of common QTL were slightly less for the 
B73-B91 (7) and A632-891 (8) pairs. 
GCA QTL presumably have alleles with additive effects. Identifying QTL for SCA 
effects and QTL for GCA effects are obviously not exclusive events. Sprague and Tatum 
(1942) recognized the utility of using single testers to identify GCA, but GCA would be 
better determined by pooling data across multiple testers. In maize breeding programs, a 
few key established inbreds from the opposite heterotic group are often used in eariy 
generation assessments of GCA (Hallauer and Miranda, 1988). Although these evaluations 
are primarily used as a screen for GCA, some specific single-cross combinations may be 
identified which are associated with non-additive (SCA) effects. Herein, identification of 
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SCA QTL for one tester did not correspond to identifying QTL that had SCA effects in 
another tester (especially for GY) nor did it always identify regions with GCA effects. QTL 
for GCA effects, however, were usually associated with SCA effects for two or more testers. 
Previous evaluations in this population across diverse environmental conditions concluded 
that QTL detected in the mean environment are most representative of QTL with consistent 
or large effects (Veldboom and Lee, 1996a: 1996b; Austin and Lee, 1997a; 1997b). 
Therefore, selecting for QTL identified in the mean environment should then confer 
improved trait perfomnance across a range of environments. Similarly, detecting QTL for 
GCA effects can be thought of as detecting QTL across "genetic environments." Selecting 
for QTL identified in the mean genetic background (GCA) should improve the trait across a 
diverse array of testers (SCA). 
GY and GM displayed a significant (P<0.01) positive phenotypic correlation for GCA 
in the Fe s generation (rp=0.22); however, the two traits were not significantly correlated in 
the F2:3 generation (data not shown). In the F6:8 generation, three GCA QTL regions were 
common (overlapping SI) to GY and GM (2L, 3L, 8L). The QTL on 2L and 8L had moderate 
effects for both traits and had the same parental contributions. The QTL on 3L had the 
largest effect for GY and was contributed by H99: whereas the GM QTL on 3L had the 
seventh largest effect and was contributed by Mo17. In the F2:3 generation, four QTL 
regions were common to GY and GM (28, 5S, 5L, 9L). Except for the QTL on 5L, the 
parental alleles conferring increased values were opposite for the two traits at the common 
QTL locations. No QTL regions were common to both traits across both generations. 
Based on the QTL results for GCA, there seems to be little common genetic basis for the 
two traits. 
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Comparison of inbred and hybrid QTL for GY 
In a comparison of GY QTL detected with inbred progeny of the Fa s and Fg r 
generations from this population (Austin and Lee, 1997a), ten genomic regions were 
identified that contained QTL in at least one inbred generation. Five of these QTL (1L, 2L, 
3L. 5S, 8L) seem to be associated with SCA or GCA effects herein (based on overlapping 
SI). QTL on 1L (near isu6), 2L (isul 17-bnl8.44B), and 8L (npi268-umc48) were each only 
associated with SCA effects for a single tester, but parental contributions were the same in 
both progeny types. The QTL on 5S (near umc72) was detected in the Fe / inbred 
generation with the smallest QTL effect, and it was not detected in the F2:2 inbred 
generation. This region was detected in the hybrid evaluations for A632 and GCA; 
however, the parental contribution was from H99 for the hybrid and Mo17 for the inbred 
progeny. The QTL for the inbred progeny explaining the largest portions of the GY variation 
in the F2;3 (31%) and Fs:/ (13%) was located on 6L (near npi280) and was not associated 
with SCA or GCA effects. The region with the largest ^6:8 QTL effects for GCA (3L) 
was detected in both inbred generations with the same parental contribution; however, the 
QTL effects were the second smallest detected for both inbred generations. The results 
herein indicate that the regions controlling inbred and hybrid GY show only partial 
correspondence similar to previous reports in other populations (Gocken, 1993; Beavis et 
al., 1994; Schon et al. 1994). These empirical results support the theoretical expectations 
of Smith (1986) that lines with superior combining ability may not have the favorable 
combination of alleles for inbred per se performance. Despite this lack of QTL consistency 
and low correlations between inbred and hybrid performance, lines in this population were 
identified that have superior GY across progeny types. 
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Conclusions 
Herein, the detection of GY QTL appears to be greatly affected by environmental 
factors. Within each of the three hybrid populations, large portions (45-69%) of the GY QTL 
were detected in only one of the eight environments. Similarly, 52% of the GCA QTL for GY 
were detected in only one environment. It appears that a different spectrum of GY QTL are 
controlling variation in each of the environments, perhaps reflecting unique environmental 
queues. However, the possibility of sampling variation can not be refuted, and such 
differences could be due to the fact that the QTL detected in any given environment may be 
a subset of the total for the trait and population (Beavis, 1994). Similar to previous reports 
in this population (Veldboom, and Lee, 1996a; 1996b; Austin and Lee, 1997a; 1997b), the 
mean environment provided the most complete representation of QTL with large and/or 
consistent effects within individual environments. In a marker-assisted selection program, 
QTL with consistent effects across environments would be of the greatest interest. The 
QTL with inconsistent effects across environments, however, are possibly the genetic 
factors responsible for genotype x environment interaction. These QTL could then serve as 
targets for future studies to increase our understanding of the genetic and physiological 
basis for the interaction of the phenotype with the environment (Beavis and Keim, 1996). 
A confounding factor in this study was that the hybrid progeny of the two generations 
were grown in different environments (same locations, different years), and the resulting 
QTL effects were not consistent in rank or detection across generations for SCA effects. 
Parental contributions, however, were always consistent across generations for SCA 
effects. GCA effects, however, appear to be much less sensitive to these factors as 
evidence by four GY and 10 GM GCA QTL regions being detected in both generations 
including most of the QTL with the largest effects. GM had a higher number of QTL regions 
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within each generation than GY and displayed a greater consistency of QTL detection 
across generations, which is likely attributable to its higher h^. 
Choice of tester seems to be a complex factor in QTL studies involving hybrid 
progeny and has a major impact on which QTL are identified in a population. This was 
evident in that 58% of the QTL regions for GY and 47% of the regions for GM were 
associated with SCA effects for a single tester. QTL with SCA effects in a single tester 
population were nearly always detected in only one of the two generations, which may 
indicate a greater environmental interaction at these QTL. Consistency of QTL regions 
across testers was low for GY with only one region having SCA effects for all three testers, 
whereas eight such regions were detected for GM. When QTL were detected across 
multiple tester populations for GY or GM, the parental contributions were neariy always 
consistent. An effective approach for the identification of QTL that affect hybrid 
perfornaance of lines may be to detect QTL for GCA using several testers. Based on the 
theoretical expectations (Smith, 1986) and the evidence reported herein, QTL identified for 
hybrid performance would not assure superior inbred per se performance. Thus, selection 
programs would need to identify and incorporate QTL for both progeny types. 
Development of superior maize inbreds could be expedited if hybrid performance 
could be predicted eariy in a breeding program. Bernardo (1994) proposed a predictive 
measure on the basis of relatedness among hybrids as determined by RFLPs, with no 
assumptions made about QTL associations. The concept of identifying QTL for GCA and 
SCA in a breeding program is another approach worth pursuing. QTL for GCA effects could 
be identified using a panel of several inbreds within heterotic group 'A as testers on a 
population representing heterotic group 'B', and these groups would be defined in that lines 
from group "A in combination with lines from group 'B' are known to produce good hybrids. 
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Several assumptions would need to be made which are (i) most QTL are identified within 
these breeding populations, (ii) these QTL explain an adequate proportion of the variation of 
the trait of interest, and (iii) the QTL are consistently expressed in the environments for 
which the lines are developed. Markers linked to QTL for GCA identified with this panel of 
group 'A' testers would be used to screen segregating populations in heterotic group 'B'. 
Individual plants from the breeding population determined not to contain loci for good GCA 
could be eliminated before costly testcross evaluations. QTL identified for good SCA with 
group 'B' alleles could be used in later generations of inbred development to help determine 
which single-cross combinations among the panel of group 'A' inbreds are most likely to 
produce the best hybrid. This scheme could be very practical in maize breeding programs 
where lines between heterotic groups are known to produce good hybrids, and the lines or 
families of lines within these groups are well-defined and often continuously improved and 
recycled within the breeding program. 
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Figure 1. Genetic linkage map for Mo17xH99 Fg e lines and QTL positions for their hybrid progeny. Loci unique to the Pe a 
generation (') are indicated. Loci unique to the F2;3 generation (*') are placed based on relative position to the 87 loci common 
to both generations. Positions of DNA marker loci are given in cM to the right of the linkage groups relative to the first locus 
(position 0.0) of each chromosome. GY QTL for the Feia hybrid progeny are indicated to the right of the linkage group for the 
mean and eight individual (year-location) environments for GCA and SCA (B91, A632, B73), One-LOD support Intervals are 
indicated by vertical bars with the position of the maximum LOD peak indicated by an open diamond. The parental allele 
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Figure 1. (continued) 
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Figure 2. Relation of mean GY across hybrid populations (GCA) for 147 ^ and F6:8 lines 
of common descent from Mo17xH99. 
Table 1. Monthly precipitation amounts, GDD accumulations, and deviations from the site averages in 1992, 1993, 1995, 
and 1996 at Ames, lA. 
Precipitation (mm) GDD Accumulation (°C) 
Month Averaget Deviations in year Averaget Deviations in year 
1992 1993 1995 1996 1992 1993 1995 1996 
May 111 -85 +75 -1 +83 218 +21 -20 -54 -55 
June 130 -115 +64 -42 +2 324 -2 -18 +8 +7 
July 88 +172 +328 +13 +16 392 -71 -8 -3 -28 
August 99 
CM 
t +165 -21 +25 359 -82 +9 +71 -8 
September 82 +22 +20 -14 -1 239 +2 -67 -5 -28 
Overall (May-Sept.) 509 -48 +652 -64 +126 1532 -133 -103 +16 -113 
t Site average based on data from 1951-1980 at the Agronomy and Agricultural Engineering Research Center near Ames, 
Iowa. 
Table 2. Parental means, progeny means, substitution effects of H99, and heritabilities of GY and GM for hybrid 





Parental means Substitution Progeny Confidence limits^ 
Mo17 H99 effect of H99t Mean Range Lower Upper 
GY (Mg ha ') F6;8 B91 7.21 7.17 -0.04 7,04 5,64-8,34 0,67 0,61 0,73 
A632 7.54 7.72 0,18 7.46 5,61-8,90 0,82 0,78 0,85 
873 7.35 7.77 0,42* 7,52 5.95-8,58 0 77 0.73 0,81 
GCA 7.37 7.55 0.18 7,34 6.13-8.43 0,84 0.81 0.87 
F2.3 891 7.31 6.86 -0.45 6,65 5.78-7.42 0,67 0,61 0,72 
A632 7.22 7.39 0,17 6,94 5.39-7.76 0,73 0,67 0,77 
B73 7.18 7,24 0,06 6.96 5.57-7,59 0,61 0.54 0,68 
GCA 7.24 7,16 -0,08 6,85 5,86-7,53 0,77 0.72 0,81 
GM (g kg') F6;8 B91 241 232 -9" 227 195-259 0,88 0,86 0.90 
A632 204 207 3* 200 177-226 0.92 0,91 0.94 
B73 258 246 253 219-288 0,92 0,91 0,94 
GCA 234 229 -5*" 227 199-257 0,95 0,94 0.96 
F2;3 891 272 252 -20*" 252 216-279 0.86 0,83 0,88 
A632 222 231 9 220 197-249 0,89 0,87 0,91 
B73 278 268 -10 275 245-307 0,84 0,81 0,87 
GCA 257 250 -7* 249 223-277 0,92 0,91 0,94 
t Substitution effect of H99 allele relative to Mo17 allele calculated as H99 value minus Mo17 value. Significance in combined 
analysis across environments noted for 0.05 (*), 0.01(**), and 0.001 (***) probability levels, 
t 90% confidence limits on heritability calculated according to Knapp and Bridges (1987), 
Table 3. Estimates of variance components for hybrid progeny of 186 Fe e and 194 F2 3 maize lines evaluated across 
environments in 1995-96 and 1992-93, respectively. 
Gen­ Estimates of components of variancet 
Trait eration Tester o^SE a^ge±SE a^gilSE "\te±SE a^glSE 
































































t Estimates of variance components including genetic (a^g), genotype x environment (o^gg), genotype x tester (o^g,), 
genotype x tester x environment (a^gio) were all significant at the 0.001 level. 
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Table 4. Phenotypic con-eiations among hybrid populations for the Fg-s (above 
diagonal) and F2.3 (below diagonal) generations of Mo17xH99. Phenotypic 
correlations between the Fe a and F2;3 generations are given along the diagonal. 
Trait Tester GCA B91 A632 B73 
GY GCA 0.36*** 0.80*** 0.83*** 0.85*** 
B91 0.66*** 0.24*** 0.48*** 0.59*** 
A632 0.82*** 0.28*** 0.29** 0.52*** 
B73 0.78*** 0.31*** 0.31*** 0.26** 
GM GCA 0.66*** 0.88*** 0.89*** 0.91*** 
B91 0.85*** 0.56*** 0.68*** 0.66*** 
A632 0.88*** 0.61*** 0.58*** 0.76*** 
B73 0.88*** 0.60*** 0.67*** 0.66*** 
**, *** Significant at the 0.01 and 0.001 levels, respectively. 
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Table 5. Grain yield QTL identified and percentage of phenotypic variation explained in 
the mean and eight individual environments for hybrid progeny F6;8 lines of Mo17xH99 
evaluated in 1995 and 1996. 
Number of QTL detected 
1995 locations^: 1996 locations 
Tester Totalt Mean 01 02 05 10 01 02 05 10 
B91 26 7 3 7 5 4 5 2 9 3 
A632 25 9 9 7 4 8 4 5 8 0 
B73 28 9 8 6 10 2 8 8 5 8 
GCA 27 9 7 9 5 9 3 4 13 3 
Percentage of phenotypic variation explained 
1995 locations 1996 locations 
Tester Mean 01 02 05 10 01 02 05 10 
B91 34 21 26 25 20 26 11 40 11 
A632 43 37 35 17 31 23 27 41 0 
873 42 28 27 41 11 43 38 24 30 
GCA 44 40 39 32 24 30 26 51 15 
fTotal number of unique QTL locations detected across environments within each 
tester population and GCA. QTL with overiapping one-LOD support intervals were 
considered to be the same. 
^Location designations for Calumet (01), Kanawha (02), Ames (05), and Nashua (10). 
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Table 6. GY and GM QTL identified and percentage of phenotypic variation accounted 
by the multiple model in the mean environments for hybrid progeny of Fe s (1995-96) and 
^2:3 (1992-93) generation lines of Mo17xH99. 
QTL number % CT^p explained 
Totait F6;8 F2:3 F6;8 and F2:3t F6;8 F2:3 
GY GCA 12 9 7 4 44 32 
B91 13 7 7 1 34 30 
A632 12 9 6 3 43 35 
B73 10 9 2 1 42 24 
Totals 24§ 20§ 13§ 9# 
GM GCA 20 12 18 10 59 65 
B91 19 13 13 7 52 51 
A632 21 14 13 6 58 56 
B73 20 11 17 8 56 64 
Totals 34§ 23§ 25§ 14# 
tTotal number of unique QTL locations detected in the F6:8 and F2:3 generations for GCA 
and each of the three tester populations. QTL with overlapping one-LCD support 
intervals were considered to be the same. 
$ Number of QTL common across Fg-s and generations for GCA and each tester. 
§ Number of unique QTL locations across (Total) and within (F6;8 and F2:3) generations. 
#Number of common QTL locations across generations. Regions were considered 
common if a QTL was detected for at least one tester (or GCA) in both generations. 
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Table 7. GY QTL effects in the mean environments for hybrid progeny of Fg s and F2;3 lines 
of Mo17xH99. 
Region Nearest locusf SCA 
(a-b-c-d) Gerv^ GCAj: B91 A632 B73 
1S npi234 F6:8 - - 0.20H 
F2:3 .... 
1C P1-npi429 F6:8 . . . . 
F2:3 - 0.24H,b - 0.28H,a 
1L isu6 F6;8 . . . . 
F2:3 - 0.37M 
1L bnl6.32 F6:8 . . . . 
F2;3 - 0.25H 
2S phl098-umc53 F6:8 ... 0.23M,a 
F2:3 0.17|y/l,b - - 0.27M,b 
2C phi083-php10012 F6:8 0.14M,b O.ISM.b - 0.16M,a 
F2:3 , . - . 
2L bnl8.44B F6:8 - - - 0.13M 
F2;3 ....
3S bnl8.15-umc121 F6:8 - - 0.25M,a 
F2:3 - - 0.28M,b 
3S umc29A F6;8 0.19H - 0.32H 
F2;3 .. -
3L npi212-isu1-sh2 F6:8 0.33H,c 0.30H,b - 0.39H,b 
F2;3 0.17H,a - 0.38H,a 
4L bnl7.65 F6:8 - 0.20H 
F2;3 . .. 
t Loci which are nearest QTL LOD peaks in region are listed in map order. 
t Upper case letter indicates the parental allele that increased the trait value (M = Mo17, H = H99). 
The lower case letter indicates the locus nearest the LOD peak with loci in a region referred to in 
alphabetical order. Within each region, QTL one-LOD support intervals overlap across testers and 
generations. 
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Table 7. (continued) 
Region Nearest locust SCA 
(a-b-c-d) Gen. GCAt B91 A632 873 
5S umc72-umc27 F6:8 
F2;3 0.14H,b -
0.25H,a 
5L bt1 F6:8 











6L phi077-PI1 F6;8 
F2;3 
- 0.33H,a 0.59H,b -
6L phi124-umc21 F6:8 
F2:3 
0.16H,a - 0.04H,a 
0.33H,b 
0.30H,a 





7L bnl15.21-umc110 F6:8 
F2:3 - 0.42M,b 
0.24H,a 
-
7L bnl7.61-isu11 F6:8 
F2;3 
0.25H,a 
0.16H,b 0.44H,b 0.24H,b -







8L umc48 F6:8 
F2;3 
0.15M - 0.35M 
-
9L phi065-umc153 F6:8 
F2:3 
0.15M,b 0.22M,a - -
9L umc29B-bnl14.28 F6;8 
F2:3 0.14M,b 0.14M.a 0.28M,b 
-
10S phi052 F6:8 
F2:3 
- 0.14H - -
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Table 8. GM QTL effects in the mean environments for hybrid progeny of Fg g and F2 3 
lines of Mo17xH99. 
Region Nearest locust SCA 
(a-b-c-d) Gen. GCAj: B91 A632 B73 
IS umc94 F6:8 . - . . 
F2:3 5.7H - 6.6H 4.9H 
IS umc157-npi234 F6:8 . . _ 4.5M,a 
F2;3 6.7M,b - 5.2M,a 13.2M,b 
1C P1-npi429 F6;8 .... 
F2;3 8.6H,a 8.9H,a 11.8H,a 29.4H,b 
1L bni5.59 F6;8 .... 
F2;3 - - - 20.9M 
1L npi236-phi039- F6;8 3.8M,b 4.1 M,d 3.7M,c 4.2M,b 
umc37-an2.6 F2:3 8.0M,a 8.2M,a 6.2M,c 10.3M,a 
1L isu6-umc86A F6:8 . . . . 
F2:3 3.7M,a 5.1M,b 
2S umc53 F6:8 . _ . . 
F2:3 4.1H 7.5H 
2L php10012-npi565B- F6:8 3.4M,b 3.5M,d 4.3M,b 
umc131-Agp2 F2;3 6.6M,d 10.2M,c 8.7M,a 5.9M,d 
2L umc4-bnl8.44B F6;8 . . . . 
F2;3 4.3H,b 9.6H,a 4.6H,b 
3S bnl8.15 F6:8 .... 
F2;3 - - - 4.5M 
3L umc18-umc26 F6;8 5.6H,a 9.8H,a - 5.7H,a 
F2:3 3.7H,b 5.6H,a - 7.8H,a 
t Loci which are nearest QTL LOD peaks in region are listed in map order. 
t Upper case letter indicates the parental allele that increased the trait value (M = Mo17, H = H99). 
The lower case letter indicates the locus nearest the LOD peak with loci in a region referred to in 
alphabetical order. Within each region. QTL one-LOD support intervals overlap across testers and 
generations. 
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Table 8. (continued) 
Region Nearest locust SCA 
(a-b-c-d) Gen. GCAj: B91 A632 B73 
3L umc165-isu1 F6;8 5.1M,b 8.9M,b 2.8M,b 
F2:3 - 6.5M,b 8.6M,a 
4S umc123 F6;8 . _ . . 
F2:3 - 6.0M 
4S phl096 F6:8 - 3.5M 
F2:3 .... 
4C bt2 F6:8 .... 
F2:3 - - - 5.4M 
4L npi410-php10025 F6:8 5.2M,a 6.5M,a - 6.3M,a 
F2:3 6.9M,b 9.7M.b 11.2M,b 7.5M,b 
5S umc72 F6:8 - - 2.2H 
F2:3 ... -
5C bnl5.02-umc166- F6:8 - 3.1 M,b 
bnl7.71 F2:3 2.8M,b 5.3M.a - 7.8M,c 
5L bt1-bnl10.12 F6:8 10.5M,b 9.2M,b 5.7M,b 10.5M,a 
F2:3 6.5M,b 
5L isu10-umc68 F6;8 - - 3.4M,a 
F2:3 - - 6.4M,b 
6S npi235 F6:8 - - - 5.4H 
F2:3 ....
6L bnl5.47 F6:8 - - 2.8M 
F2:3 ... -
7S isu145A-phi057- F6;8 6.4H,c 6.9H,c 4.0H,c 8.2H,b 
bnl15.40 F2;3 8.2H,a 10.7H,c 13.5H,a 12.6H.a 
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Table 8. (continued) 
Region Nearest iocusf SCA 
(a-b-c-d) Gen. GCAj: B91 A632 B73 
7L bnl15.21-umc110 F6;8 3.0H,a 3.6H,a 5.2H,a 
F2:3 7.0H,b 
7L isu11-bnl8.39-bnl8.44A F6:8 9.2H,b 4.4H,a 2.8H,b 15.4H,b 
F2:3 4.5H,c - - 10.1H,c 
7L phi082 F6:8 - - 3.6H 
F2;3 .... 
8L umc48 F6:8 4.3M - 5.0M 6.3M 
F2:3 ...
8L umc7 F6:8 _ . . _ 
F2;3 - - 4.5H 4.8H 
9S piii122 F6:8 - 4.7M 
F2:3 - - - -
9C bni3.06-pini061 F6;8 2.5M,b - - 6.9M,b 
F2;3 5.1M,a - - 8.6!\/l,a 
9L bnl8.17 F6:8 - - 3.1H 
F2:3 - - - -
9L npi209 F6:8 . . . . 
F2;3 5.7H - 5.5H 6.5H 
10L phi062-isu5 F6;8 6.3M,a - 5.0M,a 8.6M,a 
F2:3 8.1M,b 4.3M,b 5.7M,b 10.3M.b 
10L npi287 F6:8 - 3.4I\/I 
F2;3 ... -
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GENETIC MAPPING IN MAIZE WITH HYBRID PROGENY ACROSS TESTERS AND 
GENERATIONS: II. PLANT HEIGHT AND FLOWERING 
A paper submitted to Crop Science 
David F. Austin, Michael Lee*, and Lance R. Veldboom 
Abstract 
The improvement of complex, quantitative traits in maize (Zea mays L.) involves the 
selection of lines with superior hybrid performance. DNA markers were used to identify 
quantitative trait loci (QTL) for plant height, ear height, and three flowering traits in hybrid 
progeny of two generations (F2:3, F6;8) of lines from a Mo17xH99 population. QTL for 
specific combining ability (SCA) effects were mapped within three hybrid populations, and 
QTL for general combining ability (GCA) were mapped by using average trait values across 
the three populations. The hybrid progeny from the two generations were evaluated at the 
same locations, but in different years as per an early-generation testing program. Overall, 
more QTL were detected in the Fe s than the F2:3 generation for SCA and GCA. Totaled 
over all five traits, 41 (B91) to 69% (B73) of the QTL for SCA effects and 67% of the QTL 
for GCA detected in the F2;3 generation were also detected in the Fg^g- Although 
differences in relative rank of the QTL effects across generations were observed, especially 
for the flowering traits, parental contributions were neariy always consistent. Several (8-11) 
QTL were identified with SCA effects for all three tester populations for all traits except 
anthesis-silk interval, which had two such regions. Over all five traits, previous evaluations 
in this population identified 26 QTL with consistent effects for two (Fa a, Fsis) inbred progeny 
evaluations, and 20 (77%) were also associated with GCA in at least one generation. In all 
instances of common inbred and hybrid QTL, parental contributions were the same. 
Dep. of Agronomy. Iowa State Univ., Ames, lA 50011. Journal Paper No. J-17536 of the 
Iowa Agric. and Home Economics Exp. Stn. Project no. 3134. 'Corresponding author. 
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Introduction 
The improvement of complex, quantitatively inherited traits in maize breeding 
programs involves the identification and selection of superior lines on the basis of 
performance of their hybrid progeny throughout the inbred development process (Hallauer. 
1990). The majority of quantitative trait loci (QTL) mapping studies, however, have 
evaluated simple progeny types such as single plants or lines derived from selfing or 
backcrossing. QTL identified with inbred progeny reflect within-popuiation additive and 
dominance effects, whereas QTL for hybrid performance reflect the interaction of the 
population parental alleles with those of the tester. Because of the potential masking 
effects of favorable dominant alleles in the testers, lines with superior hybrid performance 
may not necessarily have a high frequency of favorable alleles for inbred per se 
performance (Smith, 1986). Therefore, QTL studies evaluating hybrid progeny are 
necessary to detemriine if the same or different QTL are responsible for inbred and hybrid 
performance. 
Sprague and Tatum (1942) proposed the identification of superior lines on the basis 
of their general combining ability (GCA) across testers and superior hybrid combinations on 
the basis of the specific combining ability (SCA) of lines. Sprague (1946) demonstrated the 
usefulness of eariy-generation testing of hybrid progeny to eliminate lines with poor general 
performance before further inbreeding and expensive testing. These concepts influenced 
maize breeding in that lines were selected on their superiority in hybrid evaluations instead 
of the visual appearance of the inbred lines per se. Little progress beyond Sprague and 
Tatum's original description towards the basic understanding of GCA and SCA has been 
gained on the underiying factors responsible for these effects. By using molecular marker 
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linkage maps along with the evaluation of hybrid progeny, an understanding of the 
phenomena of GCA and SCA effects can begin by identifying QTL for these effects. 
Recently, SCA effects have been mapped in several maize populations (Gocken, 
1993; Beavis et ai., 1994; Schon et ai., 1994; Ajmone-Marson et al., 1995; Lubberstedt et 
al., 1997). These studies seem to indicate that consistency of QTL regions for SCA effects 
across hybrid populations appears to be trait dependent and varies with the relationship of 
the testers. Lubberstedt et al. (1997), for example, reported consistent detection across 
hybrid progeny from two diverse testers for dry matter content and plant height but not for 
dry matter yield. In studies that compared hybrid progeny QTL regions to those identified in 
the same population in inbred per se evaluations, only partial agreement was observed 
between the two progeny types for most traits (Gocken, 1993; Beavis et al., 1994; Schon et 
al., 1994). 
Previously for grain yield and moisture, QTL for SCA effects for three hybrid 
populations and QTL for GCA effects across populations were reported (Austin et al., 1997). 
For these two traits, choice of tester was shown to greatly impact the perception of QTL 
numbers, locations, and effects. This was evident in that 58% of the QTL regions for grain 
yield and 47% of the regions for grain moisture were associated with SCA effects for a 
single tester population. Consistency of QTL regions across testers was low for grain yield 
with only one region having SCA effects for all three testers, whereas eight such regions 
were detected for grain moisture. Grain moisture had a higher number of QTL regions, 
greater consistency across generations, and greater consistency across testers, which is 
likely due to its higher heritability than grain yield. Only one apparent cross-over type 
interaction of the parental alleles with the tester alleles was observed. QTL interaction 
among tester populations were in the form of changes in magnitude of substitution effects 
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with the same parental allele conferring positive values across populations, in a 
comparison with grain yield QTL detected in inbred per se evaluations from the same 
population, only partial agreement was observed. 
In the present study, F2:3 and F6;8 progeny from a cross between inbred lines Mo17 
and H99 were crossed to three Inbred testers. Similar to an early-generation breeding 
program, the hybrid progeny from the two generations were evaluated for five morphological 
traits at the same locations but in different years. The first objective was to compare 
performance and QTL detection between hybrid progeny of early (F2;3) and late (F6:8) 
generations. The second objective was to compare the detection of QTL with SCA effects 
for three tester populations and their relation to GCA effects. QTL for GCA were also 
compared to QTL results from Fz.z and Fe 7 inbred per se evaluations of morphological traits 
in the same population (Austin and Lee, 1997a). 
Materials and Methods 
Population and progeny development 
The single-cross population was developed from the adapted and widely utilized 
U.S. Corn Belt maize inbreds Mo17 and H99, both classified as members of the Lancaster 
Sure Crop (LSC) heterotic group based on pedigree and RFLP data (Melchinger et al., 
1991). One hundred and ninety-four unselected F2:3 lines were developed from the 
population (Veldboom, 1994). Due to limited seed supplies, 150 of the F2:3 lines were sib-
mated by using ten plants and pollinating the ear shoot of one plant with the pollen from the 
next plant. Equal quantities of sib-mated seed were bulked from each plant within a line. 
From the same population, 186 unselected F6;7 lines were produced by single-seed 
descent. 147 of which are descendants of the Fa s lines (Austin and Lee. 1997a). Ten 
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plants per Fsj line were self-pollinated, and equal quantities of Fera seed per plant were 
bulked. 
For both the F2:3 and F6:8 generations, crosses were made to three inbred testers 
(B91, A632, B73). 891 is derived from Iowa Com Borer Synthetic #1 (BSCB1), which has 
some progenitor LSC lines and is considered unrelated by pedigree to Reid Yellow Dent 
and certainly unrelated to the two other testers. B91 was released in 1989 and has a 
maturity classification of AES800 (Russell, 1989). B73 and A632 both represent Reid 
Yellow Dent inbreds (Gerdes et al., 1993). A632, released in 1964, was derived through 
three backcross generations with selection foreariiness with B14, a stiff-stalk inbred, as the 
recurrent parent. A632 has a maturity classification of AES600. B73 is also a stiff-stalk 
inbred (released in 1972) with a maturity classification of AES800 (Russell, 1972). B14 and 
B73 were both derived from the same synthetic; however, they are distinct and exhibit a 
high level of genetic dissimilarity for elite stiff-stalk germplasm (Melchinger et al., 1991). 
Both A632 and B73 were widely used in commercial hybrids with Mo17 and H99 (Zuber and 
Darrah, 1980). Development of the hybrid progeny was previously described in Austin et al. 
(1997). The parents, Mo17 and H99, were also crossed to each tester to produce Fi hybrid 
progeny that were included in the performance trials. 
Field evaluations 
The F2:3 hybrid populations were evaluated for morphological traits at three locations 
in Iowa in 1992 and 1993 (Veldboom, 1994). These included two northern (Kanawha and 
Nashua) and one central (Ames) locations. Similar to an early-generation testing breeding 
program, the Fg.g hybrid populations were evaluated at the same three locations but in 
different years (1995 and 1996). Each tester was treated as a separate experiment, and 
the same experimental design (14x14 lattice, 2 replications) was utilized for each tester-
156 
location-year combination. At each location, the three experiments were evaluated in 
adjacent plots. For the evaluations, entries consisted of hybrid progeny of the 194 lines 
and single entries for the Mo17 and H99 hybrids, whereas the Fe s entries consisted hybrid 
progeny of the 186 lines and five entries each of the parental hybrids. The entries were 
machine-planted in two-row plots which were 5.5 m long with 0.76 m spacing between rows. 
Planting densities were 76,500 kernels ha'^ for the Fziz and 86,100 kemels ha"^ for the F6;a. 
For both generations, plots were thinned to 62,000 plants ha'^ at the 6-8 leaf stage. 
Three measurements of flowering, growing degree days (GDD) to 50% anthesis 
(POL), GDD to 50% silk emergence (SILK), and silk delay or anthesis-to-silking interval 
(ASI), were recorded for both generations as described in Veldboom et al. (1994) for each 
plot at the Ames location only. Plant height (PHT) was measured on ten competitive plants 
per plot from ground level to the tip of the central tassel spike. Ear height (EHT) was 
measured on ten competitive plants per plot from ground level to the node of primary ear 
attachment. PHT and EHT were recorded at all three locations for the Fe g evaluations. For 
the F2;3 evaluations, PHT was measured at all three locations, whereas EHT was measured 
at the Ames location only. 
Marker assays 
DNA isolation. Southern hybridization, and RFLP assay procedures have been 
described (Veldboom et al.. 1994). The F2:3 linkage map was developed using RFLP data 
for 303 lines including the 194 lines used for the hybrid evaluations (Veldboom, 1994; Austin 
et al., 1997). One hundred and six RFLP loci and one morphological locus, PI, provided a 
linkage map spanning 1413 cM with an average interval length of 15 cM. The Fsis linkage 
map has been previously described (Austin and Lee, 1997a; available electronically on 
Maize DB website, www.agron.missouri.edu), and consists of one morphological (PI), 100 
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RFLP, and 41 SSR (Senior et al., 1996) loci. The F6;8 linkage map covers 1601 cM with an 
average distance between adjacent loci of 12 cM (Figure 1). Centromeres were placed 
approximately based on previous maps (Coe et al., 1990; Veldboom et a!., 1994; Coe et al., 
1995; Matz et al., 1995). On the basis of centromere placement, chromosomal regions will 
be referred to herein as a number (1-10) followed by L (long arm), S (short arm), or C 
(region including the centromere). 
Eighty-six RFLP loci and one morphological marker (P1) are common between the 
F2:3 and F6:8 linkage maps. Locus order is identical except for a pair of loci on 9L (npi209-
bnl14.28) which are linked by 2 cM in the F6:8 map. The two loci are in the opposite order in 
the maps for the two generations. Nineteen of the loci mapped in the F2:3 were not mapped 
in the F6;8. These loci are placed on the Fe:8 generation linkage map (Figure 1) based on 
relative position to the 87 common loci. A more detailed comparison of the Fz-z Fg s 
linkage maps is presented in Austin et al. (1997). 
Trait data analysis 
The F2:3 and Fe s experiments were evaluated separately using the same 
procedures. Adjusted entry means for each year-location-experiment combination were 
obtained by correcting for incomplete block effects according to Cochran and Cox (1957). A 
combined analysis of variance was conducted separately for each tester, and estimates of 
genetic (a^g ) and genotypic by environment (c^ge ) variance components were obtained. 
The experimental design allowed the experiments to be combined across testers and 
analyzed as a modified Design II mating design (Comstock and Robinson, 1948) with the 
three inbred testers considered as the males and the 194 F2:3 (186 Fe ^) lines as the 
females. This design allowed for estimates of variance components associated with 
general (GCA) and specific (SCA) combining ability. Variance components and their 
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standard errors were estimated for GCA ), SCA (a\t). GCA x environment (a^e ). and 
SCA X environment (a^gte ) according to Hailauer and Miranda (1988). Heritabiiities were 
calculated on an entry mean basis (Hailauer and Miranda, 1988) for each tester and across 
testers, and exact 90% confidence intervals were calculated according to Knapp et al. 
(1985). Within each generation, simple phenotypic correlations were calculated among the 
testers for each trait. Phenotypic correlations between traits were calculated within each 
generation using mean GCA values. Simple phenotypic correlations were also calculated 
between the F2:3 and Fe s generations for each tester and GCA using mean values for the 
147 lines of common descent. 
QTL detection 
Previous studies in this population with F2;3 (Veldboom and Lee, 1996a: 1996b) and 
Fg 7 (Austin and Lee, 1997a; 1997b) inbred progeny have shown the mean environment to 
be the most representative of QTL with consistent effects across environments. Similar 
conclusions were made for grain yield with hybrid progeny of F6;8 lines of this population 
(Austin et al., 1997). Therefore, progeny means across environments within the F2:3 and 
Fe s hybrid progeny evaluations were utilized for all QTL identification reported herein. For 
both the F2;3 and Fers generations, QTL determinations were made separately for each 
tester population representing SCA effects. QTL representing GCA effects were detected 
by using mean performance across all three populations. QTL were identified by composite 
interval mapping (Jansen and Stam, 1994; Zeng, 1994). All computations for this method 
were performed with the software package PLABQTL (Utz and Melchinger, 1996) which 
employs interval mapping by the regression approach (Haley and Knott, 1992) with selected 
markers as cofactors. The underlying model for hybrid progeny (Lubberstedt et al., 1997) 
for a given tester (SCA) or mean across testers (GCA) can be written as: 
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= up7 + a, X ji Xj^ + ej., 
where y, is the phenotypic mean of the hybrid progeny of line y; is the mean phenotypic 
value of hybrid progeny with the P1 allele at the putative QTL; a, is the average effect of 
substituting a P1 allele with a P2 at the QTL in the marker interval (/, /+1); x ji is the 
conditional expectation of the dummy variable 0/ given the observed genotypes at the 
flanking marker loci, where 0/ assumes values 0, 0.5, or 1 if the genotype at the putative 
QTL is QQ, Qq, or qq, respectively; 6^ is the partial regression coefficient of phenotype yj on 
the /c'" (selected) marker; is a dummy variable (cofactor) assuming values of 0, 0.5, or 1 
if the genotype of line j at locus k is homozygous PI, heterozygous, or homozygous P2, 
respectively; and is the residual error. Cofactors were selected by stepwise regression, 
and the final selection was for the model that minimized Akaike's information criterion with 
penalty=3.0 (Jansen, 1993). To enable comparisons across testers and generations, a 
LOD threshold of 2.0 was selected for QTL detection. Using the chi-square approximation 
suggested by Zeng (1994), this corresponds to a comparisonwise type I error rate of 
P<0.01 based on the number of intervals being tested in the F6:8 hybrid evaluations (Utz and 
Melchinger, 1996). For each QTL, a one-LOD support interval was constructed as 
described by Lander and Botstein (1989). On a chromosome, QTL with non-overiapping 
one-LOD support intervals (SI) were considered as different regions. To allow comparison 
of QTL positions across generations, Fziz hybrid population QTL positions were adjusted to 
correspond to the Fsrs linkage map (Figure 1) based on relative position to the 87 RFLP loci 
common to the linkage maps constructed in both generations. 
Estimates of the percentage of phenotypic variance explained by individual QTL 
were obtained by the square of the partial correlation coefficient between the respective 
QTL and the phenotypic observations, keeping all other QTL effects fixed. Estimates of the 
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single QTL effects as well as the total phenotypic variation explained by all QTL were 
obtained by simultaneously fitting a model including all QTL detected for the trait by tester 
combination (Utz and Melchinger, 1996). 
Results and Discussion 
The means for the lines are shown for each hybrid population (SCA) and for the 
mean across populations (GCA) in Table 1. In the combined analyses of variance across 
testers for the F2:3 and Fe s generations (data not shown), significant (F<0.01) differences 
among tester population means were observed for PHT (Fsrs only), EHT (F6;8 and Fa s), and 
SILK (Fgrs and F2;3). For the hybrid population means, the same general trend was 
observed across traits and generations with B73 progeny having the greatest values. The 
¥2 2 and F6:8 progeny had very similar mean values for PHT, EHT, and POL. For SILK and 
ASI, mean values were greater in the fi-z progeny for each tester and GCA. The majority 
(147) of the 186 Feis are direct descendants of the ¥2-^ lines. Assuming no forces other 
than natural selection during the F6;8 line development, no change in average gene 
frequency would be expected in the two sets of lines (Hallauer and Lopez-Perez, 1979). 
Previous evaluations of the RFLP data for the ?2:2 (Veldboom et al., 1994) and Fe ? (Austin 
and Lee. 1996a) generations revealed distribution of marker classes within expectations 
and average parental allele frequencies near 50% indicating no evidence of unintentional 
selection during inbreeding. Thus, differences in mean performance of the F2 2 and Fg a 
hybrid progeny for SILK and ASI are likely the result of environmental factors as the two 
experiments were conducted in different years. Details of the ODD accumulation and 
precipitation for all years in which the progeny were evaluated have been reported 
previously (Austin et al.. 1997). 
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For the parental checks, significant differences in PHT and EHT were observed for 
each tester and GCA in both the F6:8 and F2;3 generations (Table 1). In all instances, the 
Mo17 allele conferred greater height than the H99 allele. For POL, Mo17 had significantly 
(P<0.001) greater values than H99 for all three testers and GCA in the F6;8 evaluations, 
whereas Mo17 had significantly greater POL only for B73 in the F2;3 generation. For SILK. 
Mo17 had greater values for all tester-generation combinations, with the differences 
significant in all instances in the F6:8 and for B73 and GCA in the F2;3. l\/lo17 had 
significantly greater ASI values for B91, 873, and GCA in the Fsis evaluations. Although 
non-significant, Mo17 also had greater values for ASI across all three testers in the F2:3 
evaluations. The trend of Mo17 having greater PHT and EHT and later flowering was also 
observed in the inbred progeny of this population (Veldboom and Lee, 1996a: Austin and 
Lee. 1997a). 
Heritability (h^) values were moderate for the flowering traits and high for PHT and 
EHT (Table 1). In general, h^ values were greater for the F6;8 than the F2;3 progeny. The 
higher h^ values observed for the F6;8 generation were not surprising since the F6:8 lines and 
their hybrid progeny should be more homogeneous with less opportunities for segregation 
and sampling variation. Overall, h^ values were relatively high, which should enhance the 
detection of QTL associated with larger portions of the genetic variance (Lande and 
Thompson, 1990). 
For both generations, significant genetic variation was observed within each of the 
three hybrid populations (Table 2). The genotype x environment variance components were 
significant for most of the tester-generation combinations; however, the estimates of genetic 
variance tended to be much larger than the genotype x environment estimates indicating 
environmental interactions were not large for these morphological traits. In the combined 
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analyses across testers, estimates of c^g and a^gt represent GCA and SCA effects, 
respectively. For all traits in both generations, estimates were greater than c^g, 
estimates. EHT displayed the greatest difference in values with a^g estimates 8.0 (F6;8) and 
S-l (^2:3) times greater than those for The smallest differences were observed for ASI 
with estimates 1.5 (Fe s) and 2.8 (F2;3) times greater than a^gt. Similar to the 
observations of Hallauer and Lopez-Perez (1979), these results indicate that additive 
effects (GCA) seem more important than non-additive effects (SCA) in causing differences 
among hybrid progeny within both generations. Comparison of (GCA) estimates reveals 
greater values in the Fs s than the F2;3 for four of the five traits. Assuming no dominance 
effects or gene frequency of 0.5, variation among F6:8 lines should be about double that 
among F2;3 lines (Hallauer and Miranda, 1988). In agreement with theoretical expectations, 
Fe g estimates were 1.6-2.2 times greater for all traits except ASI. 
Within both generations, phenotypic con'elations among tester populations were 
moderate for PHT, EHT, POL, and SILK, and low for ASI (Table 3). The relationship of the 
testers did not appear to Influence the correlations between pairs of tester progeny. Hybrid 
progeny of the two testers from the same heterotic group, B73 and A632, were not more 
highly correlated to each other than to the unrelated tester, B91. For all five traits in both 
generations, there were very good correlations between SCA effects of a tester and the 
GCA effects of the lines. Similarly, Sprague and Tatum (1942) recognized the ability of a 
single-cross to have some predictive utility in determining GCA; however, SCA with one 
tester was a poorer predictor of SCA effects with another tester. 
For individual tester populations, moderate phenotypic correlations (rp=0.39-0.61) 
between the Fa s and Fg a generation progeny were observed for PHT, EHT, POL, and SILK, 
whereas low correlations (r5=0.21-0.35) were observed for ASI (Table 3). GCA, which 
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seemed more important tinan SCA for differences among hybrid progeny based on variance 
components, also tended to have higher conrelations between the generations than 
individual tester SCA effects. Correlations for GCA were the greatest for POL (rp=0.63) and 
SILK (rp=0.64) and lowest for ASI (rp=0.43). In agreement with the objectives of early-
generation testing, the relationship observed herein between the F2;3 and Fe a generation 
hybrid progeny should be sufficient to allow the identification of lines with undesirable 
morphological characteristics at the early generation (Hallauer and Miranda, 1988). 
Phenotypic correlations among the five traits for GCA effects were similar within both 
generations (Table 4). The highest conrelations were between POL and SILK and between 
PHT and EHT. ASI had a positive congelation with SILK in both generations, but had weak 
correlations with all other traits. POL and SILK had moderate correlations with EHT and 
PHT, which indicated a relationship between reproductive maturity and vegetative growth. 
These correlations among traits with hybrid progeny were very similar to correlations among 
the same traits observed with inbred progeny (Veldboom and Lee, 1996b: Austin and Lee. 
1997a). 
Comparison of QTL detection in F2;3 and F6;8 generations 
Overall, more QTL were detected in the F6;8 than the F2:3 generation for SCA and 
GCA effects (Table 5). Summed over all five traits, QTL numbers for the F2:3 generation 
were 49, 47, and 51 for testers B91, A632, and B73, respectively. In the Fe s the numbers 
of QTL detected were greater with 59, 83, and 68 QTL being detected over the five traits for 
B91. A632, and 873, respectively. Similarly for GCA, 69 QTL were detected in the F2;3, 
whereas 81 were detected in the Fsis generation. The increased number of QTL detected in 
the Fg 8 corresponds with larger portions of the phenotypic variance associated with the QTL 
(Table 5). Excluding ASI. the percentage of variation associated with F2 3 QTL for GCA 
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ranged from 58% (SILK) to 74% (PHT), whereas values observed in the F6:8 ranged from 
74% (SILK) to 79% (EHT). Percentages of phenotypic variation explained by GCA QTL for 
ASI were much lower (30%, Fg s; 29%, F2;3). The F6:8 generation should be more efficient 
and powerful for QTL detection because of increased homozygosity, homogeneity, and 
increased recombination for the separation of linked QTL (see Austin and Lee, 1996a for 
review): however, a portion of the increase in F6;8 QTL detection may be due to the use of 
more markers and better map coverage (Austin and Lee, 1997a). As discussed previously, 
the majority of the F6:8 lines are direct descendants of the F2;3 lines, and no evidence is 
present to suggest any unintentional selection during inbreeding. Thus, any differences in 
QTL detection are likely due to the greater precision of Rl lines, environmental effects 
(generations grown at same locations but in different years), or sampling variation (Beavis, 
1994). 
For PHT, three (B91) to eight (B73) QTL for SCA effects were detected in both 
generations representing 27 to 51% of the F2;3 QTL. 873 had the highest correlation 
between generations for PHT (rp=0.55) and also had the greatest number of common QTL. 
For all three testers, the QTL which were common across generations usually included 
those with the largest effects within the F2;3 and F6:8 generations. One notable exception 
was the F6:8 QTL with the largest effect for A632 (7L, bnl8.39), which was not detected in 
the F2:3 generation. The QTL with the largest F6;8 effect for B73 (3L, umc18-umc26) was 
also detected in the F2:3 with the third largest effect. QTL were detected on 1L (an2.6-
phiOl 1) with the largest effects for ail three testers in the F2;3 generation. In the Fs 8 
generation, this QTL had the largest effect for B91 and the second largest effects for A632 
and 873. The QTL in this region explained 12 to 43% of the PHT phenotypic variation for all 
generation-tester combinations. GCA displayed a greater number of common QTL than 
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any of the SCA effects. Twelve GCA QTL were common across generations representing 
71 % of the F2;3 QTL detected. The QTL with the largest effects for GCA were also detected 
on 1L (an2.6-phi011) explaining 30% of the F6;8 and 36% of the F2;3 phenotypic variation. 
The common GCA QTL included seven (Fe s) snd eight (F2;3) of the ten QTL with the largest 
effects within each generation. In all instances of common SCA and GCA QTL across 
generations, the parental contributions were the same. 
For EHT, the number of SCA QTL common across the F2:3 and Fe s evaluations 
ranged from 6 (B91) to 12 (A632) representing 46 to 92% of the F2;3 QTL, respectively. 
A632 had the most common QTL despite having the lowest correlation between F2:3 and 
Fe s performance; however, this is likely due to the high number (23) of Fe s QTL, which was 
the greatest number of QTL for a generation-trait-tester combination in the study. The QTL 
on 1L (an2.6-phi011-isu18) had the largest SCA effects for all three testers in both 
generations explaining from 21 to 43% of the phenotypic variation. Ten QTL were common 
across generations for GCA representing 76% of the F2;3 QTL. The QTL with the largest 
effects for GCA in both generations were also detected on 1L (an2.6-phi011-isu18) and 
explained 30% (F6:8) and 36% (F2;3) of the phenotypic variation. The common GCA QTL 
included seven of the ten QTL with the largest effects within each generation. For both 
SCA and GCA QTL common across generations, consistent parental allele contributions 
were observed. 
The number of POL QTL detected in both generations ranged from five (A632) to 
eight (B73) representing 29 to 53% of the F2:3 QTL for their respective testers. In all 
instances of common SCA QTL, the same parental contributions were observed in both 
generations. Contrary to the results of FHT and EHT, the QTL with the largest effects were 
not as consistent in rank across generations for POL. For B91. the QTL with the largest 
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effect in the F6:8 (1L, isu18) was not detected in the F2;3, whereas, the QTL with the largest 
effect in the F2;3 (2L, umc4) was detected in the F6:8 but had the smallest effect. For A632 
and B73, the QTL with the largest effects in one generation were always detected in the 
other generation: however, the relative rankings of their effects were not the same. Of the 
five traits, POL had the greatest number of common QTL for GCA with 13 representing 76% 
of the F2:3 QTL for GCA. The F2;3 GCA QTL with the largest effect on 6C (phi077-umc65) 
was detected in the F6;8 with the eighth largest effect. Likewise, the Fg a GCA QTL with the 
largest effect (IS, umc164-npi234) was detected in the F2;3 with the fourth largest effect. 
Despite the differences in rank, the common GCA QTL included nine of the ten QTL with 
the largest effects within each generation. One common GCA region (1C, isu81-npi429) 
had QTL with opposite parental contributions, which could represent a cross-over type QTL 
X environment interaction. However, the QTL effects in this region were small with the 
eleventh and fourteenth largest effects in the Fgrs and F2;3, respectively. The other 12 
common GCA QTL regions had the same parental contributions. 
The number of SILK QTL for SCA effects common to both generations ranged from 
three (A632) to eight (B73) representing 30 to 89% of the F2;3 QTL. Similar to POL, the 
regions with QTL having the largest SCA effects for SILK in one generation were nearly 
always detected in the other generation, but the relative magnitude of the effects differed. 
The only exception was the Fe a QTL on 4L with the largest effect for A632 which was not 
detected in the F2:3. For GCA, the F6:8 QTL with the largest effect (3L, umc26) was 
detected in the F2:3 with the ninth largest effect, whereas the QTL with the largest effect in 
the F2.3 (1L, npi236-phi039) had the eighth largest effect in the Fg s. The common GCA QTL 
included six (Fe s) and seven {F2:3) of the ten QTL with the ten largest effects in each 
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generation, in ail instances of common SCA and GCA QTL for SILK, no evidence of cross­
over type parental allele interaction was observed. 
ASI, which displayed the lowest h^ of the five traits, also had the fewest SCA and 
GCA QTL detected within each generation. In addition to the low QTL numbers for ASI, 
little consistency of QTL detection was observed across generations. In the F2:3 generation, 
six QTL were detected each for B91, B73, and GCA, whereas five QTL were detected for 
A632. Few SCA QTL were common between generations for B91 (0), A632 (1), and B73 
(2). For B73, the two common QTL (3L and 9S) had the same parental contributions across 
generations. For A632, the common region (58, umc27-bnl5.02) had QTL with opposite 
parental contributions in the two generations indicating a possible cross-over type 
environmental interaction. The common GCA region on 3L (sh2) had the third largest effect 
in the Fe s and the largest in the Fz.^, however, the QTL explained only 6% and 12% of the 
phenotypic variation in the Fg ^ and F2:3 generations, respectively. ASI also displayed low h^ 
and poor correspondence of QTL locations between F2;3 and Fq j generation inbred 
progeny evaluations (Austin and Lee, 1997a). 
Comparison of GCA and SCA QTL and their effects 
QTL for SCA and/or GCA effects for PHT, EHT, POL, SILK, and ASI were detected 
in 33, 31, 35. 33, and 27 genomic regions, respectively (Table 5). Over all five traits, 81% 
and 62% of the QTL were represented in the F6:8 and F2;3 generations, respectively. 
Previous evaluations in this population reported that 58% of the QTL for grain yield and 47% 
of the QTL for grain moisture were associated with a single tester. Herein, the flowering 
traits displayed a similar trend, whereas PHT and EHT had a lower frequency of regions 
associated with a single tester. For the flowering traits, the number of regions with SCA 
effects for a single tester ranged from 15 (POL) to 16 (SILK and ASI) representing 43 to 
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59% of the QTL for each trait. Nine (27%) such regions were detected for PHT, and ten 
(32%) were detected for EHT. The population alleles at QTL associated with SCA effects 
for a single tester presumably have specific dominance interactions with the respective 
testers that do not occur with other tester loci. As previously reported by Ajmone-Marson et 
al. (1995), trait data averaged over multiple testers may decrease the significance of the 
LOD score when the QTL is detectable with only one of the testers. Thus, QTL associated 
with a single tester would need to have a large effect to be of great significance for GCA 
variation. Herein, fewer than one-third (19 of 66) of QTL associated with a single tester 
were also detected for GCA. In contrast, 83% (40 of 48) of QTL associated with two testers 
were detected for GCA, and 100% (38 of 38) of QTL associated with all three testers were 
detected for GCA. Single tester QTL also appear to be more environment specific. Nearly 
all (62 of 66) of the regions associated with a single tester were detected in one generation 
only. However, 43 of the single tester QTL regions were unique to the F6:8 generation, 
which had more detected QTL regions overall. Rather than environmental interaction, some 
of these could represent QTL detected because of the increased precision and better map 
coverage of the Fe;8 generation. 
For each trait, QTL were identified with SCA effects (either generation) for all three 
testers (Table 6, Table 7). PHT (9) and EHT (11) had the most QTL associated with all 
three testers, whereas ASI had the fewest (2). POL and SILK each had eight regions. 
These results are consistent with the phenotypic correlations among the hybrid progeny of 
the three testers which were greatest for EHT and lowest for ASI (Table 3). The regions 
controlling hybrid performance for the morphological traits appear to be much more 
consistent across testers in this population than for grain yield which had only one QTL 
associated with SCA effects for all three testers and had poor correlation among testers 
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(Austin et al., 1997). Similarly, Liibberstedt et al. (1997) reported more consistent QTL 
detection across testers for PHT than for dry matter yield (50% of which is contributed by 
grain yield). Other hybrid progeny studies have also reported consistent QTL detection 
across tester populations for PHT (Schon et al., 1994; Ajmone-Marsan et al, 1995). 
In agreement with the phenotypic con-elations among testers, the relationship among 
testers did not appear to influence the consistency of QTL locations for the tester pairs. 
Although B73 and A632 are both stiff-stalk testers, ASI was the only trait that displayed 
more common QTL for A632 and B73 (6) than for the other two pairs of unrelated testers 
(B91-A632, 5; B91-B73, 3). Summed over all five traits. A632 and B73 shared 45 QTL, 
whereas more QTL were common for pairs B91-A632 (52) and B91-B73 (47). However, 
QTL were observed for PHT (9L, phi065-umc53), EHT (5S, umc72), and POL (IS, umc164-
umc157-npi234) which had major SCA QTL effects for A632 and B73 in both generations 
that were not associated with SCA effects for B91. These QTL could indicate an interaction 
of the population alleles with the stiff-stalk alleles of B73 and A632 that is consistent across 
environments (generations). 
Regions associated with SCA effects for all three testers and GCA in both 
generations indicate stable QTL effects across testers and environments. For both PHT 
and EHT, the QTL on 1L (an2.6-phi011-isu18) had the largest effects for GCA in both 
generations. This QTL also had the largest SCA effects for all EHT and four of six PHT 
generation-tester SCA effects. EHT had three additional regions (3L, bnl3.18-isu1-sh2; 7L, 
isu11-bnl8.39-isu103-bnl8.44A; 9C, bnl3.06-phi065-umc153) which contained QTL for ail 
three testers and GCA in both generations. One QTL for POL (7C, isu86-isu145A-phi057-
bnl15.40) and two QTL for SILK (1L. npi236-phi039-an2.6; 2L, umc4-bnl8.44B) were 
consistently detected across testers and generations: however, the relative rankings of 
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effects were not as consistent as observed for PHT and EHT. As discussed previously, 
QTL that were identified for a single tester were usually also detected in only one generation 
indicating possible environmental interactions of SCA QTL because the F2 2 and Fg s 
generations were evaluated in different years. Although rare, some QTL with effects across 
testers also seemed to be unique to the environments of one generation. QTL detected for 
all three testers and GCA in the Fg-a generation were observed for EHT on 1L (npi236-
phi039) and 9L (bngl128). These could be regions detected only in the Fe s generation 
because of the increased power of Rl progeny; however, regions associated with SCA 
effects for all three testers and GCA in the F2;3 generation only were detected for EHT (8L, 
umc103-bnl9.44) and SILK (2L, umc131). More frequently, regions seemed to have 
consistent effects across generations for GCA, but detection of QTL for SCA effects varied 
across generations. For example, QTL for PHT GCA effects were detected on 4L 
(php10025-umc111) and 6L (phi124-umc21) in both generations; however, SCA effects at 
both QTL were detected for B91 only in the F2:3 A632 and B73 only in the F6;8. Similar 
patterns were observed for other traits (Table 6 and Table 7) and for grain yield and 
moisture (Austin et al., 1997) in agreement with the observation of more consistent QTL 
detection across generations for GCA than SCA effects (Table 5). 
PHT and EHT, which were highly correlated for GCA in both the F2:z (rp=0.76) and 
^6:8 ('•p=0.82) generations had many common features. In the Fe e generation, 10 of the 18 
regions with EHT QTL for GCA also contained PHT QTL for GCA effects (based on 
overlapping SI, Figure 1). Similarly, 6 of 14 F2:3 EHT QTL regions for GCA also contained 
QTL for PHT. In all instances, the parental contributions were the same across traits and 
generations. Five regions (1L, 2S, 3L, 7L, 9C) contained QTL for both traits in both 
generations. The QTL on 1L (an2.6-phi011 -isul 8) had the largest effect for GCA for both 
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traits and generations. In this region, the QTL effect for PHT appears to be almost 
completely due to changes in EHT. The GCA substitution effects for PHT (from Mo17) were 
7.5 cm (F6;8) and 10.1 cm (F2;3), whereas the substitution effects for EHT (from l\/lo17) were 
7.1 cm (Fs;8) and 10.1 cm (F2;3). This observation is in agreement with evaluations of Fe / 
inbred progeny from this population that showed some QTL have an effect on EHT and PHT 
with no effect on height above the ear (Austin and Lee, 1996a; 1997a). Other researchers 
have also obsen/ed corresponding regions for PHT and EHT (Beavis et al.. 1991; Stuber et 
al., 1992). 
POL and SILK, both measures of maturity, displayed the highest correlation for GCA 
effects in both the F2:3 (rp=0.85) and F6;8 (rp=0.94) generations. In the Fe s generation, 13 of 
16 regions with GCA QTL for SILK also contained QTL for POL (based on overlapping SI, 
Figure 1). Similarly in the F2;3 , 12 of 15 SILK GCA QTL regions also had QTL for POL. 
Nine regions including 1L, 2L, 3L, 6C, 6L, 7C, 7L, 8L, and 9C contained QTL for both traits 
and generations. Similar consistency of QTL for these two traits was observed in inbred 
progeny evaluations of this population (Veldboom and Lee, 1996b; Austin and Lee, 1997a). 
Comparison of inbred and hybrid QTL 
Inbred progeny from this population were evaluated at the Ames location for plant 
height and flowering traits during the 1989 (F2:3), 1990 (F2;3), 1993 (Fe ?), and 1994 (Fg;?) 
growing seasons. All 185 of the Fg s lines and 150 of the F2;3 lines evaluated herein for 
hybrid progeny were also evaluated in the inbred perse studies. For the Fgs generation, 
phenotypic correlations between mean inbred per se performance and mean GCA were 
highest for PHT and EHT. slightly lower for POL and SILK, and moderate for ASI (Table 4). 
Similar correlations were also observed for the F2:3 generation (data not shown). The 
correlations for the morphological traits were greater than those observed for grain yield for 
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the Fa g (rp=0.19) and F2;3 (rp=0.20) generations (Austin et al., 1997). Loci commonly 
expressed in inbreds and hybrid progeny may explain the higher con-elation between the 
two progeny types observed for higher heritable traits such as flowering compared to less 
heritable traits such as grain yield (Hallauer and Miranda, 1988). QTL detected in the mean 
environments of both the Fe s and F2;3 inbred per se evaluations for PHT (5), EHT (6), POL 
(5), SILK (6), and ASI (4) were identified as regions conferring consistent, stable 
performance across diverse environmental conditions (Austin and Lee, 1997a). For a basis 
of comparison, QTL detection methods and thresholds were consistent for the inbred and 
hybrid progeny evaluations. Over all five traits, 20 of the 26 (77%) consistent inbred 
progeny QTL regions were also associated with GCA in at least one generation. In all 
instances of common inbred and hybrid QTL regions, parental contributions were consistent 
with the same allele increasing trait values for both progeny types. 
PHT had five regions including 1L (2 QTL), 2L, 6L, and 7C with consistent inbred per 
se QTL effects. The QTL on 1L (phi039-umc37) had the largest effect in both inbred 
progeny evaluations, explaining 23 (Fej) and 35 (Fara) percent of the phenotypic variation. 
This region was also detected for GCA in both generations, explaining 13 (Fg a) and 7(F2;3) 
percent of the phenotypic variation. Approximately 25 cM distal of umc37, a second inbred 
per se QTL region was identified on 1L (phi011-isu6), explaining 16 (Fg r) and 14 (F2:3) 
percent of the phenotypic variation representing the second and third largest effects, 
respectively. This region had the largest GCA effects in both generations, explaining 30 
(Fe s) and 36 (F2;3) percent of the phenotypic variation. Region 1L appears to have a major 
effect on PHT in several maize populations and progeny types (Beavis et al., 1991; 
Edwards et al.. 1992; Stuberetal., 1992; Koester et al.. 1993; Beavis et al., 1994; Schon et 
a!.. 1994; Ragot et al. 1995; Lubberstedt et al., 1997). In two sorghum studies. QTL with 
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the largest effect on PHT have been identified in a region orthoiogous to maize 1L (Ahnert. 
1995; Periera and Lee, 1995). Region 7C was also detected in both generations for inbred 
per se and GCA performance, whereas the QTL detected with inbred progeny on 2L 
appears to be not associated with hybrid performance. Region 6L was detected for GCA 
only in the Fgis generation. EHT, which had the highest con-elations between per se and 
GCA performance, had 4 regions (3L, 6C, 7C, 7L) which were consistent in the per se 
evaluations and were detected for GCA in both generations. Similar to PHT, the same two 
regions on 1L were associated with EHT variation. The proximal region (phi039-an2.6) had 
the largest (Fg;?) and second largest (F2;3) inbred per se QTL effects. This region was only 
associated with GCA effects in the ^ generation and had the thirteenth largest effect. The 
distal region on 1L (phiOl 1-isu18) contained QTL with the largest GCA effects. This region 
was detected in the Fs;? per se evaluation with the third largest effect but was not detected 
in the F2;3 generation. Region 1S was detected in both inbred progeny evaluations but was 
not associated with GCA effects. 
Similar to the height traits, several of the flowering trait QTL regions with consistent 
inbred progeny effects were also associated with GCA effects. POL had the best 
agreement for QTL controlling traits for the two progeny types with ail five regions (1L, 4L. 
6C, 7C, 9C) with consistent inbred per se effects also being detected for GCA effects in 
both generations. QTL on 6C {npi235-phi077-umc65) had the most consistent relative 
rankings with the largest effects for Fgj inbred per se and F2;3 GCA, second largest effect 
for F2:3 inbred per se, and eighth largest effect for F6:8 GCA. SILK had six QTL (1L, 5S. 5S. 
6C. 6L, 7C) with consistent inbred progeny performance, and three regions (5S, 58, 6L) 
appear to be unique to inbred per se performance. The QTL on 1L (npi236-phi039-umc37) 
had the most consistent relative rankings with the largest effects for F2 3 per se and F2 3 
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GCA, ninth largest effect for F6;7 per se, and eighth largest effect for Fe s GCA. QTL on 6C 
and 7C were also detected for GCA in both generations. Four regions (IL, 3L, 6L, 9S) had 
consistent inbred per se QTL effects for ASI. Similar to SILK, region 6L appears to be 
unique to per se performance. Region 3L had the most consistent effects across progeny 
types with the largest effect for F2;3 GCA, second largest effect for j per se, third largest 
effect for F6:8 GCA, and sixth largest effect for ?2 z P®"" s©- Regions IL and 98, which had 
consistent inbred per se effects for ASI, were each detected in one generation for GCA. 
The results reported herein indicate that regions with consistent morphological trait 
QTL effects for inbred progeny per se are often also associated with consistent GCA 
effects; however, some regions appear to be unique to per se performance. Evaluations in 
this population found only partial agreement for grain yield (Austin et al.. 1997) in 
accordance with observations for various traits from other studies (Gocken, 1993; Beavis et 
al., 1994; Schdn et al., 1994) that indicate only partial agreement between regions 
controlling inbred per se and hybrid performance. Herein, only those regions with 
consistent effects across two inbred progeny evaluations were compared to QTL controlling 
GCA. The inbred per se QTL evaluations were conducted under diverse environmental 
conditions, which may explain the higher correspondence reported herein. The QTL that 
were common to inbred per se and GCA effects were also frequently associated with SCA 
effects for multiple testers. Of the 20 regions common for inbred per se and GCA effects, 
14 were associated with SCA effects for all three testers. These regions appear to have 
consistent effects across diverse environmental and genetic (tester alleles) environments. 
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Conclusions 
Herein, QTL controlling morphological traits were detected for GCA as well as SCA 
effects for three testers. Choice of the appropriate tester remains a difficult issue among 
maize breeders (Hallauer, 1990), and it may also be a difficult choice in mapping QTL in 
hybrid populations. A previous evaluation of this population for grain yield revealed 58% of 
QTL were associated with SCA effects for a single tester. The flowering traits displayed 
similar frequency of single tester QTL, whereas PHT and EHT had lower frequencies (27-
32%). Regions containing QTL for SCA effects for a single tester appear to be less stable 
across environments (generations) and less likely to be detected for GCA than those 
associated with two or three testers. GCA effects, however, appear to be less sensitive to 
environmental factors with the majority of QTL with the largest GCA effects being 
consistently detected across generations. GCA QTL presumably have alleles with additive 
effects. Herein, regions with QTL for GCA were usually associated with SCA effects for two 
or more testers. Early in modem maize breeding, Sprague and Tatum (1942) recognized 
the importance of GCA in initially selecting lines in breeding programs and then determining 
good SCA effects in final hybrid combinations. If QTL for GCA effects could be identified in 
breeding populations, then marker-assisted selection techniques could be used to identify 
lines that most likely have superior performance for selected traits before extensive 
breeding efforts and hybrid evaluations were initiated. Based on the results reported herein, 
it would seem that the regions with major, consistent SCA effects are represented by the 
GCA QTL regions. Thus, selecting QTL identified for GCA should improve a trait across 
diverse genetic (SCA) and environmental conditions. 
Flowering and plant stature traits generally have higher heritabilities and higher 
correlations between inbred and hybrid progeny than do traits such as grain yield (Hallauer 
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and Miranda, 1988). Regions with consistent morphological trait QTL effects for inbred 
progeny were often associated with consistent GCA effects as well. Parental contributions 
were also consistent across progeny types. The morphological traits, which had higher 
heritabilities and higher correlation between progeny types than grain yield, had more QTL 
consistently detected across generations, testers, and inbred and hybrid populations. 
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Figure 1. Genetic linkage map for Mo17xH99 Fo 8 lines and QTL positions for Fq a and F2 3 hybrid progeny. Loci unique to the Fgo 
generation (*) are indicated. Loci unique to the F2.3 generation (**) are placed based on relative position to the 87 loci common 
to both generations. Positions of DNA marker loci are given in cM to the right of the linkage groups relative to the first locus 
(position 0.0) of each chromosome. Morphological trait QTL positions for Fo e and F2 3 GCA mean environments are indicated to 
the right of the linkage groups. One-LOD support intervals are indicated by vertical bars with the position of the maximum LOD 
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Table 1. Parental means, progeny means, substitution effects of Mo17, and heritabilities of morphological traits for 





Parental means Substitution Progeny Confidence limits^ 
Mo17 H99 effect of Mo17t Mean Range Lower Upper 
PHT (cm) F6;8 B91 288 273 15"* 278 256 - 306 0,94 0,93 0.95 
A632 292 266 26"* 280 258 - 300 0.95 0.94 0.96 
873 300 277 23*'* 286 261 -310 0.96 0.96 0.97 
GCA 293 272 21*** 281 261 - 305 0.98 0,97 0.98 
F2;3 891 285 269 16"* 279 262 - 300 0.87 0,84 0.89 
A632 285 261 24*** 273 258 - 292 0.89 0,87 0.91 
873 295 272 23*** 281 263 - 301 0.94 0,93 0.95 
GCA 288 267 21 **** 277 262 - 294 0.95 0.94 0.96 
EHT (cm) F6:8 891 117 102 15*.* 110 88 -129 0.96 0,95 0.96 
A632 113 96 108 84-132 0.96 0,95 0.97 
873 123 108 15*" 115 91 -144 0.97 0,96 0.97 
GCA 118 102 16*** 111 90-135 0.98 0.98 0.98 
F2:3 891 112 92 20*** 104 85 -126 0.83 0.78 0.86 
A632 109 79 30*** 94 79-114 0.87 0.84 0.90 
873 115 95 20"* 106 89-131 0.86 0.82 0.89 
GCA 112 91 103 88-125 0.94 0.92 0.95 
t Substitution effect of Mo17 allele relative to H99 allele calculated as Mo17 mean value minus H99 mean value. Significance in 
combined anialysis across environments noted for 0.05 (*), 0.01 ("). and 0.001 (***) probability levels. 
i 90% confidence limits on heritability calculated according to Knapp and Bridges (1987). 
Table 1. (continued) 
Gen­ Parental means Substitution Progeny Confidence iimitsj 
Trait eration Tester Mo17 H99 effect of Mo17t Mean Range Lower Upper 
POL (GDD) F6;8 B91 797 784 13*** 789 748 -831 0.91 0,89 0,93 
A632 793 773 20*** 787 754 -819 0.87 0.83 0,89 
B73 816 796 20*** 804 769 -852 0.91 0,88 0,93 
GCA 802 784 18*** 793 762 -832 095 0 93 0.96 
F2:3 B91 793 795 -2 797 772 -840 0.66 0.57 0,73 
A632 777 782 -5 780 752 -800 0.77 0.71 0,82 
873 817 793 24** 800 772 -834 0.78 0.72 0,83 
GCA 797 794 3 796 774 -827 0.87 0.84 0,90 
SILK (GDD) F6;8 891 808 785 23*** 794 751 -844 0.89 0.86 0,91 
A632 798 779 19*** 792 757 -823 0.83 0.78 0.86 
873 828 799 29*** 811 773 -860 0.89 0.85 0.91 
GCA 811 788 23*** 799 765 -842 0.93 0.92 0.95 
F2;3 891 818 809 9 815 784 -865 0.44 0.29 0.56 
A632 796 792 4 797 766 -824 0.60 0.49 0.69 
873 835 800 35*** 820 783 -869 0.79 0.73 0.83 
GCA 817 806 11* 814 786 -852 0,79 0.73 0.83 
ASI (GDD) F6;8 891 11 1 10*** 5 -6 -21 0.34 0.16 0.48 
A632 5 6 -1 5 -6 -24 0.57 0,46 0.67 
B73 12 4 8** 7 -3 -36 0.55 0,42 0.64 
GCA 9 4 5** 6 -2 -24 0.62 0,52 0.70 
F2.3 891 23 14 9 18 2-•47 0.21 0,00 0.38 
A632 18 11 7 16 1 • 35 0.44 0,29 0.56 
873 17 8 9 20 3-•59 0.61 0,50 0.69 
GCA 19 12 7 18 5-•36 0.64 0.54 0.72 
Table 2. Estimates of variance components for hybrid progeny of 186 Fg a and 194 F2 3 maize lines evaluated across 






Estimates of components of variancet 
o^giSE o^geiSE o^gtlSE o^gteiSE o^lSE 
F6;8 B91 74.1±8.1*** 9.311.5*** - - 34.711.5 
A632 71.9±7.8*** 5.811.2*** - - 30.911.4 
B73 99.4±10.7*" 6.711.2*** - - 30.511.4 
GCA 73.0±7.7*** 5.610.5*** 13.211.2*** 3.710.7*** 30.410.8 
F2;3 B91 34.6±4.0'" 2.811.7 - - 46.712.3 
A632 34.5±3.9*** 3.811.4** - - 34.411.7 
B73 52.2±5.6*" 2.911.1** - - 27.911.4 
GCA 33.5±3.6*** 2.410.5*** 10.411.0*** 1.210.9 36.311.0 
F6:8 B91 76.6±8.3*" 5.011.2*** - - 32.311.4 
A632 77.018.3"* 6.611.0*** - - 23.211.0 
B73 103.1±11.0*** 6.711.0*** - - 26.011.2 
GCA 79.0±8.3*** 4.710.4*** 9.910.9*** 2.010.6*** 27.210.7 
F2;3 B91 42.9±5.3*** 3.112.1 - - 29.312.2 
A632 40.9±4.8*" 3.411.4** - - 17.711.4 
B73 45.615.4"* 4.711.7** - - 20.511.6 
GCA 40.214.4*** 1.510.6*** 4.411.0*** 3.311,2** 22.511.0 
t Estimates of variance components including genetic (o^g), genotype x environment (a^ge), genotype x tester (a^gi), genotype 
X tester x environment (o^gia). 
* *** Significant at the 0.05, 0.01, 0.001 probability levels, respectively. 
Table 2. (continued) 
Gen- Estimates of components of variancet 
Trait eration Tester a^g±SE a^geiSE o^gtlSE o^gteiSE a^'iSE 
F6:8 B91 170.1±19,4*** 8.7±3.9** - - 48.5±3.7 
A632 135.8±16.4*** 8.6±5.0* - - 66,8±5.1 
B73 174.6±20.0*** 9.1±4.3* - - 55.0±4.2 
GCA 139,5±15.2*** 5.7±1.6*" 31,0±3,7"* 4.6±2.7* 56.8±2,5 
F2;3 B91 88.2±14.2'** -9.4±11.9 - - 199.1±15.3 
A632 73.2±9.9*" 5.3±5.3 - - 76.9±5.9 
B73 110.5±14.6*** 5.2±7.6 - - 112,8±8,7 
GCA 73.2±8.6*" 0,3±2,4 26,1±4.8*** 0.1±5.5 129.6±7.7 
F6;8 B91 179.1±21.0*" 14.5±5.2** - - 60.9±4.7 
A632 108.7±13.8"* 13.3±5.3" - - 64.7±5.0 
B73 246.1±28.9*" 20.3±7.3** - - 86.1±6.6 
GCA 153.2±17.0*" 9.5±2,3*" 37.1±4,7"** 9,8±3.7" 70.6±3.1 
F2:3 B91 101.0±26.4*** 75.7±29.r* - - 354.7±27.4 
A632 75.1±13,6*" 27.5±11,5" - - 144,4±11.1 
B73 188.6±24.7"* 7.6±12,4 - - 184.8±14.2 
GCA 95.2±12,5*** 13.5±5.5** 39.6±9.8*** 33,9±11.8*** 229,6±10.2 
F6:8 891 7.9±2.9** 6.6±3.7* - - 48.4±3.7 
A632 17.8±3,5*** 5.7±3.2* - - 41.5±3.1 
873 23.4±4.9*** 14.0±4.5*** - - 49,8±3.8 
GCA 11.2±2.0*" 6,0±1,5"* 7.7±1.9"* 4.2±2.3* 46.6±2.1 
F2;3 891 15,6±9,3* 43.0±12.8*" - - 141,9±10.9 
A632 21.2±5.6*** 15.5±6.3** - - 78.2±6.0 
873 51.5±9.2*** 9.7±8.0 - - 113.6±8.7 
GCA 23.7±4.0*** 8.1±2.8*** 8.6±4.4* 22.0±6,1*** 111.2±4,9 
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Table 3. Phenotypic correlations among hybrid progeny within the Fg a (above 
diagonal) and Fz j (below diagonal) generations of Mo17xH99. Phenotypic 
correlations between the Fg g and F2;3 generations are given along the 
diagonal. 
Trait Tester GCA B91 A632 B73 
PHT GCA 0.55 0.94 0.92 0.95 
B91 0.89 0.49 0.78 0.86 
A632 0.87 0.68 0.45 0.80 
B73 0.90 0.71 0.66 0.55 
EHT GCA 0.57 0.96 0.93 0.97 
B91 0.95 0.50 0.83 0.92 
A632 0.86 0.77 0.48 0.85 
873 0.91 0.78 0.76 0.59 
POL GCA 0.63 0.93 0.86 0.93 
B91 0.91 0.61 0.69 0.84 
A632 0.64 0.48 0.39 0.67 
B73 0.86 0.63 0.45 0.56 
SILK GCA 0.64 0.92 0.84 0.94 
B91 0.85 0.60 0.67 0.80 
A632 0.61 0.36 0.41 0.68 
B73 0.83 0.51 0.41 0.52 
ASI GCA 0.43 0.71 0.73 0.80 
B91 0.73 0.21 0.32 0.38 
A632 0.64 0.25 0.35 0.34 
B73 0.76 0.22 0.49 0.35 
All correlations significant at the 0.01 probability level. 
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Table 4. Phenotypic correlations between morphologocial traits for Fg.g (above 
diagonal) and F2,3 (below diagonal) GCA values across environments. Values 
along the diagonal are the phenotypic conrelations between F6:8 GCA and Fg s 
inbred per se performance. 
Trait PHT EHT POL SILK ASI 
PHT 0.80*** 0.82*** 0.68*** 0.66*** 0.05 
EHT 0.76*** 0.84*** 0.72*** 0.64*** -0.13 
POL 0.54*** 0.59*** 0.70*** 0.94*** -0.02 
SILK 0.54*** 0.42*** 0.85*** 0.71*** 0.31*** 
ASI 0.17* -0.13 0.04 0.56*** 0.48*** 
*, *** Significant at the 0.05 and 0.001 probability levels, respectively. 
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Table 5. Number of morphological trait QTL identified and percentage of phenotypic 
variation explained in the mean environments for Fe-s (1995-96) and F2:3 (1992-93) 
generation hybrid progeny of Mo17xH99 progeny. 
QTL number % a^p explained 
Totalf F6:8 F2:3 Common^: F6;8 F2:3 
PHT B91 19 11 11 3 67 58 
A632 20 17 8 5 68 59 
B73 23 17 14 8 74 65 
GCA 26 21 17 12 78 74 
Totals 33§ 27§ 24§ 18# 
EHT B91 20 13 13 6 71 63 
A632 24 23 13 12 79 69 
873 19 16 12 9 76 64 
GCA 22 18 14 10 79 66 
Totals 31§ 26§ 21§ 16# 
POL B91 21 16 11 6 72 53 
A632 23 17 11 5 61 52 
B73 15 13 10 8 71 58 
GCA 22 18 17 13 77 72 
Totals 35§ 29§ 23§ 17# 
SILK B91 17 14 8 5 73 32 
A632 21 14 10 3 60 50 
B73 16 15 9 8 67 46 
GCA 21 16 15 10 74 58 
Totals 33§ 24§ 21§ 12# 
ASI B91 11 5 6 0 21 18 
A632 16 12 5 1 36 25 
B73 11 7 6 2 25 30 
GCA 13 8 6 1 30 29 
Totals 27§ 22§ 10§ 5# 
fTotal number of unique QTL locations detected in the F6:8 and F2:3 generations for 
GCA and each of the three testers. QTL with overiapping one-LOD support intervals 
were considered to be the same. 
t Number of QTL common across Fg a and F2;3 generations for GCA and each tester. 
§ Number of unique QTL locations across (Total) and within (Fg a and Fz a) generations. 
#Number of common QTL locations across generations. Regions were considered 
common if a QTL was detected for at least one tester (or GCA) in both generations. 
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Table 6. PHT and EHT QTL substitution effects in the mean environment for hybrid 
progeny of F6:8 and F2;3 lines of Mo17xH99. 
Nearest locust 
Trait Region (a-b-c-d) Gen. B91 
SCAt 
A632 B73 GCA 
PHT (cm) IS umc164 F6;8 
F2:3 2.7H 2.7H 1.9H 




IS phi095 F6:8 
F2;3 
2.9M 






1L an2.6-phi011 F6:8 10.0M,b 5.6M,b 7.2M,b 7.5M,b 
F2:3 12.2M,a lO.OM.a 11.7M,a lO.IM.a 
2S umc53 F6:8 
F2;3 4.5H 1.6H 
2.2H 
2.2H 



















3S umc121 F6:8 
F2;3 5.0M 2.0M 
t Loci which are nearest QTL LOD peaks in region are listed in map order. 
t Upper case letter indicates the parental allele that increased the trait value (M = Mo17, H = H99). 
The lower case letter indicates the locus nearest the LOD peak with loci in a region referred to in 
alphabetical order. Within each region, QTL one-LOD support intervals overlap across testers and 
generations. 
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Table 6. (continued) 
Trait 
Nearest locust 
Region (a-b-c-d) Gen. B91 
SCA$ 
A632 B73 GCA 
3S umc29A F6;8 
F2:3 
3.5M 






3L bnl3.18 F6;8 
F2;3 
3.8H 3.5H 
3L sh2 F6:8 
F2:3 1.6M 
4S bnl15.45 F6:8 
F2:3 2.3H 
4L php10025-umcl11 F6:8 - 4.0M,a 6.6M,a 3.0M,a 
F2;3 3.4M,b - - 3.1M,b 
5S bnl6.25 F6:8 
F2:3 2.7M 
5L bnl10.12-umc51 F6:8 4.0M,a 
F2:3 1.8M,b 
5.4M,a 3.8M,a 
5L umc68-phi128 F6;8 3.1 H,a 
F2;3 
3.9H,b 3.3H,a 
6L phi124-umc21 F6:8 
F2;3 2.8M,b 
3.0M,b 2.5M,a 2.1M,a 
3.3M.b 
6L nc013 F6:8 
F2;3 
2.5H 




Table 6. (continued) 
Nearest locust SCA^ 
Trait Region (a-b-c-d) Gen. B91 A632 B73 GCA 
7S isu86 F6;8 . - . . 
F2:3 - - 3.9H 
7C phi057-bnl 15.40 F6:8 4.9H,a 3.7H,b 2.9H,b 3.8H,b 
F2:3 - 5.6H,b - 4.0H,b 
7L bnl8.39 F6:8 - 6.6H 3.7H 4.0H 
F2:3 3.2H 
7L bnl8.44A-umc35- F6;8 2.7H,b - 3.2H.C 
phi082 F2:3 - - 2.7H.a 3.7H,a 
8L umc103-bnl9.44 F6:8 - - 3.5H,a 
F2:3 2.3M,b 2.8M,b O.SM.b 2.6M,b 
8L phi014 F6:8 - 3.3M 4.0M 
F2;3 - . - -
8L umc48-umc165B- F6:8 - 2.9H,a 4.0H,a 
npj268 F2;3 3.8H,b - 4.5H,c 3.3H,c 
9L phi065-umc153 F6:8 - 4.1M,a 5.6M,a 3.8M,a 
F2:3 - 3.5M,b 6.9M,b 4.1M,b 
9L bngl128 F6;8 3.0H 3.3H 3.2H 3.1 H 
F2:3 ...
ICS phi059 F6:8 - A.m 3.4M 2.0M 
F2:3 - - - -
10 npi303-phi062- F6;8 5.2M,b - - 2.3M,a 
isu5 F2:3 - 2.8M,a - 3.GM,c 
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Table 6. (continued) 
Nearest locusf 
Trait Region (a-b-c-d) Gen. B91 
SCAt 
A632 B73 GCA 
EHT (cm) 1S npi234-phi095 F6:8 
F2;3 4.5M,a 
2.3M,b 





F6:8 3.1M,a 5.0M,b 
F2:3 - 4.7M,c 
4.1M,a 
4.5M.C 
1L npi236-phi039 F6;8 3.8M.a 3.1 M.b 5.9M,b 2.8M.b 
F 2 : 3  . . .  -
1L an2.6-phi011-
isu18 
F6;8 7.7M,b 6.1 M,b S.SM.b 7.1M,b 
F2;3 14.2l\/l,c 9.8M,a 7.9M.a 10.1 M.c 
1L isu6 F6:8 
F2;3 1.6M 6.9M 4.1M 
1L umc86A F6:8 
F2;3 3.9H 3.0H 
2S umc78 F6:8 
F2;3 
3.2H 
2C umc34-!su7 F6;8 4.3M,a 3.0M.a 3.4M,a 2.9M,a 
F2;3 7.5M,a - 5.2M,b 5.0M,a 
2L isu9 F6;8 
F2;3 4.1H 
3S bnl8.15-umc32- F6:8 4.1M,d 4.4M,a 
umc121-bnl8.35 F2:3 2.5M,b 4.1M,c 
2.8M,c 
3L umc26 F6:8 
F2;3 








Region (a-b-c-d) Gen. B91 
SCA$ 
A632 B73 GCA 
3L bnl3.18-isu1- F6:8 3.7H,b 3.4H,b 8.5H,a 4.3H,b 
sh2 F2:3 5.7H,c 6.0H,b 6.7H,a 4.7H,c 





4L isu77 F6:8 
F2:3 
2.2H 







5S umc166 F6:8 
F2:3 
3.3M 
5L bt1-bnl10.12- F6;8 





6S phi075 F6;8 
F2:3 
2.2M 






6L npi280 F6:8 
F2;3 
2.3M 3.0M 1.8M 
7C isu145A-phi057- F6:8 
bnl15.40 F2:3 
3.6H.b 3.2H,b 3.7H,b 3.1H,b 
5.0H,a 4.0H,c 4.8H,c 
7L unnc98B F6;8 
F2;3 
4.2H 3.3H 2.9H 
7L isu11-bnl8.39- F6:8 3.7H,b 
isu103-bnl8.44A F2:3 6.3H,c 
4.6H,b 4.4H,b 4.4H,b 
6.0H,a 3.3H,c 3.4H,d 
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Table 6. (continued) 
Nearest locusf SCA:^ 
Trait Region (a-b-c-d) Gen. B91 A632 B73 GCA 
8C bnl9.11-umc103 F6:8 - 2.1 H,b 
F2;3 - 4.6H.a 
8L umc103-bnl9.44 F6:8 - . . . 
F2;3 2.5M.a 6.8M,b 2.9M,a 2.4M,a 
8L phi014 F6:8 - 4.9M 
F2:3 . .. 
8L npi268 F6:8 . . . . 
F2;3 4.7H - 3.8H 2.8H 
9C bnl3.06-phi065- F6;8 4.2M,c 4.6M,b 4.8M,c 4.8M,b 
umc153 F2:3 2.7M,c 3.5M,c 3.2M,a 3.2M,c 
9L bngl128 F6:8 2.6H 3.8H 3.0H 2.4H 
F2:3 ...
10L phi050-umc64- F6;8 3.3M,a 3.2M,c 2.2M,a 2.9M,a 
npi303 F2:3 2.0M,b 
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Table 7. POL, SILK, and ASI QTL substitution effects In the mean environment for hybrid 
progeny of Fs g and F2 3 lines of Mo17xH99. 
Nearest locust SCAJ 
Trait Region (a-b-c-d) Gen. B91 A632 B73 GCA 
POL(GDD) IS umc164-umc157- F6:8 - 6.8M.b S.OM.a 8.8M,a 
npi234 F2:3 - 4.7M,b 13.1M,a 8.6M,c 
IS phi095 F6:8 3.9M 
F2;3 - - - -
1C isu81-isu73- F6:8 2.6M,b 4.2M,a 5.6M,b 4.8M,a 
npi429 F2:3 - - - 4.5H,c 
1L bnl7.08 F6:8 6.9M 7.4M 
F2:3 - 10.9H 
1L npi236-phi039 F6:8 - - 4.7M,b 4.7M,b 
F2;3 9.7M,a 13.0M,a - 8.3M,a 
1L an2.6-isu18 F6:8 13.5M,b 6.9M,b 7.0M,b 6.9M,b 
F2;3 - 6.2M,b 16.1M,b 6.1M,a 
1L isu6 F6;8 _ . . . 
F2;3 10.3M - - 5.2M 
2S umc34 F6:8 4.9M 
F2;3 - - - -
2L npi565B-umc131 F6:8 - - 4.8M,a 
F2:3 6.2M,b 
2L umc4 F6:8 1.9H - 5.8H 
F2:3 11.8H - 6.6H 8.7H 
t Loci which are nearest QTL LOD peaks in region are listed in map order. 
t Upper case letter indicates the parental allele that increased the trait value (M = Mo17, H = H99). 
The lower case letter indicates the locus nearest the LOD peak with loci in a region referred to in 
alphabetical order. Within each region. QTL one-LOD support intervals overlap across testers and 
generations. 
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Table 7. (continued) 
Trait 
Nearest iocusf 
Region (a-b-c-d) Gen. B91 
SCAt 
A632 B73 GCA 





3S umc121 F6:8 
F2:3 3.8M 






4S umc123 F6:8 
F2;3 3.8M 
4S bnl5.46 F6:8 
F2;3 
4.6H 
4S phi074-plii096 F6:8 
F2:3 
4.4M,b 6.3I\/I,a 3.0M,b 
4L isu136A F6:8 
F2:3 8.5i\/l 4.9M 
4L piip10025-umc111 F6:8 - 6.1l\/l,a 9.5M,a 6.7M,a 
F2:3 8.0M,a - - 5.7M,b 
4L phi076 F6;8 
F2:3 
5.9M 
5S bni6.25 F6:8 
F2;3 3.8M 
5S bnl5.02 F6:8 
F2;3 





Table 7. (continued) 
Nearest locusf SCAj: 
Trait Region (a-b-c-d) Gen. B91 A632 B73 GCA 
5L umc68 F6;8 5.4M 3.6M 
F2:3 - - . . 
6C npi235-phi077- F6;8 3.3H,b 7.2H,b 7.5H.a 5.6H,b 
umc65 F2;3 9.4H,c - 7.3H,a 9.8H,c 
6L umc21 F6:8 - - 7.2M 5.5M 
F2:3 8.7M - 10.1M 8.1M 
6L npi280 F6:8 - 5.3M 
F2:3 - - - . 
7C isu86-isu145A- F6:8 8.5H,d 9.lH,d 6.2H,c 7.5H,c 
phi057-bnl15.40 F2;3 8.2H.d 12.8H,a 7.6H,b 7.8H,d 
7L umc35-bnl8.44A F6;8 - - - 2.8H,a 
F2;3 - - - 4.2H,b 
8L umc103 F6:8 - - 3.5H 2.7H 
F2:3 - . - -
8L umc48-npi268 F6:8 7.8H,a - - 3.8H,a 
F2:3 7.1H,a - 5.4H,b 6.1H,b 
8L npi268 F6:8 3.5M 
F2:3 - - . -
9C bni3.06-phi065- F6:8 5.5M,b - 9.1 M,b 6.2M,b 
umc153 F2:3 - 8.2M,c 6.7M,a 4.0M,a 
9L phi032-bnl8.17- F6:8 5.0M,a 8.3M,a - 5.2M,b 
umc29B F2:3 8.2M.C - 5.1M,c 5.9M.C 
9L bnqi128 F6:8 - 2.7H - 3.2H 
F2:3 - - - -
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Table 7. (continued) 
Trait 
Nearest locusf 
Region (a-b-c-d) Gen. B91 
SCA4: 
A632 B73 GCA 
10S phi059 F6:8 
F2;3 
5.6M 
SILK (GDD) 18 umc164 F6:8 
F2;3 





5.7M,b 5.8M,b 4.1M,c 
11.9M,a 6.2M,a 
18 isu61 F6:8 
F2:3 
4.4H 
1L npi429 F6:8 
F2;3 5.1H 8.6H 





F6:8 6.7M,b 3.5M,b 8.4I\/I,b 5.7M,b 
F2:3 11.6M,a 8.2M,a 12.4M,c 16.lM,a 
1L isu18 F6:8 
F2:3 
8.6M 5.0M 6.2M 
28 umc34 F6:8 
F2:3 
5.7M 3.5M 
2L umc131 F6:8 
F2:3 13.2M 6.3M 11.7M 8.9M 
2L umc4-bnl8.44B F6:8 10.5H,b 4.6H,b 9.4H,b 6.9H,b 
F2:3 15.8H,a 15.2H,b 10.7H.a 12.6H,a 







Table 7. (continued) 
Nearest locust SCAj: 
Trait Region (a-b-c-d) Gen. B91 A632 B73 GCA 
4S bnl15.45 F6:8 5.4M 
F2;3 - - . . 
4L isul36A F6;8 . . . . 
F2:3 - - - 8.8M 
4L npi410-php10025 F6:8 9.8M,b 8.5M,b 9.5M,b 8.9M.b 
F2:3 13.8M,b - 6.1M,a 
4L umclH F6:8 - 5.4M 
F2:3 . - - -
5S bnl6.25 F6;8 . . . . 
F2:3 - 5.9M 
5S umc72 F6:8 - - 4.3H 
F2:3 ... -
5C umc166-bt1 F6:8 - 5.6M,b 3.0M,a 
F2;3 . . 
5L umc51 F6:8 .... 
F2;3 - 7.9H 
5L umc68 F6;8 5.8M ... 
F2:3 
6L phi077-umc65 F6:8 - 4.8H,a 8.2H,a 5.1H,a 
F2;3 - - - 13.3H,b 
6L phi124-umc21 F6;8 5.2M,a - 6.7M,b 5.2M,b 
F2;3 - - 11.2M,b 10.3M,b 
6L Agpl F6:8 - - - 3.1 M 
F2;3 - 5.0M 
202 
Table 7. (continued) 
Trait 
Nearest locust 
Region (a-b-c-d) Gen. B91 
SCAj: 
A632 B73 GCA 
7S Isu86 F6:8 
F2:3 6.9H 
7C phi057-bnl15.40 F6:8 8.4H,a 8.3H,a 8.4H,a 7.7H,a 
F2;3 8.4H,b - - 6.7H,b 
7L isu11 F6;8 
F2;3 5.2M 6.1M 




8L umc48-npi268 F6:8 
F2:3 






F6:8 - 7.2M,c 7.5M,d 6.4M,d 
F2;3 11.2M,a 11.1M,b 17.0M,b 14.3l\/I,b 
9L phi032-bnl8.17 F6:8 
F2:3 
7.2M,a 5.9M,b 3.6M.b 
10L phiOSO F6;8 
F2:3 
3.5M 
10L isu5 F6;8 
F2:3 2.3M 
10L npi287 











Table 7. (continued) 
Nearest locusf SCAj 
Trait Region (a-b-c-d) Gen. B91 A632 873 GCA 
IS isu98B-isu73 F6;8 - 3.3H,a - 2.1 H,b 
F2:3 - - - -
1L phi039 F6:8 - - - 2.6M 
F2:3 - - - . 
1L an2.6-phi011- F6:8 1.7H,b - - 3.0H,a 
isu6 F2;3 - 6.4H,c 
2S umc53 F6:8 . - - -
F2:3 - 2.9H 5.8H 2.7H 
2S umc34 F6:8 . . _ _ 
F2:3 3.2M 
2L npi565B-umc131- F6;8 - 2.9M,a 
Agp2 F2:3 8.3M,c - 7.4M,b 5.0M,c 
2L isu117-bnl8.44B F6:8 . - - . 
F2:3 9.7H,a 1.1H,b 
3S umc165 F6:8 - - 6.5H 
F2;3 - - . -
3L isu1-sh2 F6;8 - 2.9M,b 5.2M,a 2.3M,b 
F2;3 4.4M,b - 8.6M,a 6.0M,b 
4L isu136A F6:8 2.8M 
F2:3 - - - . 
4L php10025-isu77 F6;8 2.9M.a 1.5M,b - 1.8M,a 
F2;3 . - - -
5S umc27-bnl5.02- F6;8 - 2.3H.a 
umc166 F2:3 - 6.0M,b 4.9M,c 
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Table 7. (continued) 
Nearest locust SCAt 
Trait Region (a-b-c-d) Gen. B91 A632 B73 GCA 




5L bnl10.12-umc51 F6;8 
F2:3 
-
6.5H.a 5.7H.b 3.2H,b 
6S phi075 F6:8 
F2:3 
- - 2.0H -




7L bnl15.21-umc110 F6:8 
F2;3 -
2.7M,b - 2.0M.a 
7L isul 1-bnl8.39 F6:8 
F2;3 4.0M,a - - 3.8M,b 
8L umclOS F6;8 
F2:3 -
2.3M - 1.5M 




8L npi268 F6:8 
F2;3 -


















10L isu5 F6:8 
F2;3 
1.6H - - -
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GENERAL CONCLUSIONS 
Based on the results reported herein for inbred progeny, the perception of QTL 
numbers and effects can be greatly affected by environmental factors. More consistent 
QTL detection across stress and nonstress environments was observed for the 
morphological traits, which had higher heritability values and were less affected by the 
stress conditions. For the morphological traits, 35% of QTL detected among the stress and 
nonstress environments were detected in both environments. A lower proportion (17%) of 
the QTL for grain yield and yield components were detected in both environments. In 
contrast, 50% of the QTL identified for the same traits in the F2:3 generation were detected 
in both the stress and nonstress environments (Veldboom and Lee, 1996a: 1996b). Herein, 
the stress environment was defined by precipitation 128% above the average and a 56% 
reduction in grain yield, whereas the stress environment had precipitation 55% above 
the average and a 17% reduction in grain yield. The reduced consistency of QTL detection 
across environments in the Fg 7 generation may be attributed to the more severe stress 
environment and more highly inbred progeny. The data presented herein are in agreement 
with the suggestion of Falconer (1989) that yield in low production and high production 
environments could be considered unique traits which are not necessarily maximized by the 
same set of alleles. 
For QTL that were common across the Fs;? stress and nonstress environments, 
evidence of cross-over type QTL interactions was not observed. Several maize QTL 
studies conducted under stress and nonstress conditions have reported similar observations 
(Ribaut et al., 1986; Beavis and Keim, 1996; Veldboom and Lee, 1996a, Veldboom and 
Lee. 1996b). QTL x environment interactions appear to be in the form of changes in 
magnitude of effects. The mean environment provided the most complete representation of 
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QTL controlling trait variation in this population of inbred progeny. QTL detected in the 
mean environment included 54% (grain yield traits) and 70% (morphological traits) of QTL 
detected among the stress and nonstress environments. The increased precision afforded 
by the mean environment resulted in the detection of 18 (8, grain yield traits; 10, 
morphological traits) additional QTL not detected in either of the individual environments. 
In a comparison with the mean environment results for the F2:3 generation of the 
same population (Veldboom and Lee, 1996a; 1996b), 50% (morphological traits) and 33% 
(grain yield traits) of the F2:3 QTL were verified in the Fg y mean environment. For neariy all 
traits, the QTL with the largest effect in the mean environment of one generation was also 
detected in the mean environment of the other generation. Parental contributions were 
consistent across generations and environments. The relative magnitude of QTL effects 
across generations were not always consistent indicating possible environmental 
interactions since the progeny were evaluated in different years. 
To evaluate the effect of environmental factors on grain yield QTL detection for 
hybrid progeny, QTL were identified separately for each environment in the Fg s generation 
evaluations of three hybrid populations. As was observed with the inbred progeny, the 
detection of grain yield QTL with hybrid progeny seems to be greatly affected by 
environmental factors. Within each of the three hybrid populations, large portions (45-69%) 
of the grain yield QTL were detected in only one of the eight environments. Similariy, 52% 
of the GCA QTL were detected in only one environment. It seems that a different spectrum 
of QTL are controlling variation in each of the environments, perhaps reflecting unique 
environmental signals. However, the possibility of sampling variation cannot be refuted, and 
such differences could be due to the fact that QTL detected in a given environment may be 
a subset of the total for the trait and population (Beavis. 1994). Similar to the observations 
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for the inbred progeny, the mean environment provided the most complete representation of 
QTL with large and/or consistent effects within individual environments. 
Choice of the appropriate tester remains a difficult issue among maize breeders 
(Hallauer, 1990), and it may also be a difficult choice in mapping QTL in hybrid populations. 
This was evident in that 58% of the QTL regions for grain yield and 47% of the QTL for 
grain moisture were associated with SCA effects for a single tester. The flowering traits 
displayed a similar frequency of single tester QTL, whereas plant height and ear height had 
lower frequencies (27-32%). Regions containing QTL for SCA effects for a single tester 
seem to be less stable across environments (F2;3 and F6:8 generations) and less likely to be 
detected for GCA than those associated with two or three testers. GCA effects, however, 
appear to be less sensitive to environmental factors with the majority of the QTL with the 
largest GCA effects being consistently detected across generations. In accordance with the 
presumption that GCA QTL have alleles with additive effects, regions reported herein with 
QTL for GCA were usually associated with SCA effects for two to three testers. If QTL for 
GCA effects could be identified in breeding populations, then marker-assisted selection 
techniques could be used to identify lines which most likely have superior performance for 
selected traits prior to extensive breeding efforts and hybrid evaluations were initiated. 
Based on the results reported herein, it would appear that regions with major, consistent 
SCA effects are represented by the GCA QTL regions. Thus selecting QTL identified for 
GCA should improve traits across diverse genetic (SCA) and environmental conditions. 
Most complex traits in maize, especially grain yield, display low correlations between 
inbred and hybrid progeny (Hallauer and Miranda, 1988). Herein, grain yield had low 
phenotypic correlations (rp=0.19-0.20) between inbred per se and GCA performance and 
only partial agreement between QTL locations for the two progeny types. Of the ten grain 
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yield QTL with consistent effects in the inbred progeny evaluations, five were associated 
with GCA. The QTL with the largest effect for inbred progeny on 6L, however, was not 
associated with GCA or SCA effects. The QTL with the largest GCA effects on 3L was 
detected in both inbred generations, but the QTL effects were the second smallest in both 
generations. Parental contributions were consistent for all five of the QTL comnnon to both 
progeny types. Based on theoretical expectations (Smith, 1986) and the evidence reported 
herein for grain yield, QTL identified for hybrid performance would not assure superior 
inbred per se performance. Thus, for grain yield, selection programs would need to identify 
and incorporate QTL for both progeny types. 
Flowering and plant stature traits generally have higher heritabilities and higher 
correlations between inbred and hybrid progeny than do traits such as grain yield (Hallauer 
and Miranda, 1988). Herein, the morphological traits had higher phenotypic correlations 
(rp=0.48-0.80) between inbred per se and GCA performance and a higher proportion of 
common QTL regions. Of the 26 regions having consistent morphological trait QTL effects 
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